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The present work u a second edition of some notoa on tlie tlieory 
of the irteam engine, publiBhcd in 1871, with the abject of 
facilitating the study of a difficult eubject by students of enginoer- 
ing and otLers, iatereBtcd in tke working of steam engines in 
practice. The fragmentary chamctei' of the original notes, and the 
progress which the subject has ntade since the data of publioation, 
hare, however, rendered it necossary to re-writo and enlarge the 
book, in doing which I have attempted to fulfil more completely 
its original object, and at the same time to employ the results of 
some of the valuable esperimeats which have been made in the 
last few years in comparing more precisely, than has hitherto been 
dons, the working of the steam engine as it actually exists with 
the more or less ideal engine oonsidered — and, in the first instance, 
Qocesearily considered — in theoretical investigations. 

The object of the book being to study the process of the con- 
TOrsion of heat into work in steam engines, all questions ridating 
to steam boilers, or to the strength and efficiency of the mechanism, 
or to the adaptation of the engine to the work it has to do, are 
excluded. Important as these questions are, they are quite 
indeponilent of the effioicncy of the engine, considered as a heat 
engine, that is to say, a machine for the conveision of beat into 

In the first chapter the physical properties of steam are explained 
us determined by Begnault's experiments. I have not here 
attempted any detailed description of apparatus or of the nnmerons 
precautions necessary to secure accuracy : this would bo out of 
place, especially as no real knowledge can bo obtained except by 
a study of the original memoirs : and I have therefore only dwelt 
on certain points which are necessary to a right nndcntAx^i^au^ <A 
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A fint importaBt ateft is nuda bj ehowing tbat no better insult 
will be oblidiied bj tbe use of ■n; other machinery than the 
ordinMj {aston and cylinder, or by using nunj cylinders inBt«ad 
of one, provided that the Bteem be supplied wit*>..''«» in the snmo 
way : the etcam poeseasing during and aft*- a certain 

definite amount of expansive energy which, 4, w 



do a certain definite amount of work: and it follows therefore that 
to obtain greater efficiency the troatment of the Bteam must bo 
altered, or stenm muBt be replaced hy some other fluid. To seo 
whether anything can bo gained in this way it is noceBsary to 
oonsider, instead of steam, aomo body of raore fliniplo constitution, 
BO that we may bo able to confitruct ft complete and exact theory 
of the action of heat upon it. Sneh ft bcwly is Buggcstod by the 
properties of the jfcrmanent gases, all which possoBS certain 
oharocteriBtics so approsimatoly, as to snggest to iw the considera- 
tion of an ideal body called a " perfect gas," in which they shall be 
precisely realized. The fourth chapter is therefore occupiod with 
the diecossion of the action of hcBt on a perfect gas, and the resalt 
IB utilized to study the operation of the simplest forms of air 
engines, when it is found that although in circumstances con- 
oeirable in practice, the efficiency is more than doublo that of the 
steam engine previously cennidored, yet still fully one-half the 
heat expended will be wasted. The cause of the waste, however, 
is remarkably different in tho tvo cases ; in the air engine, all tho 
heat is in tho first instance employed in doing work, and the waste 
is onuBed by the necessity which exists in air engines for a com- 
preeaing apparatus, which requires so much power to work it thnt 
the larger part of the energy originally exerted ou the working 
piston is thrown away : while in the steam engine, on the other 
bond, although some energy is employed in compression, represented 
by the back pressure on the working piston, yet the greater part 
of the waste arises &om the great amount of internal work which 
it ie nocoBsary to do in order to generate Bteam, little of which con 
be utilized by tho process of expansion. 

Different, however, aB tho air engine and the steam engine are, 
it is possible to show that, if certain prescribed conditions are 
satisfiod, tho efficiency of the two must bo the same, and further 
that no other engine can have a greater efficiency. This very 
important investigation occupies the fifth chapter, in which is 
introduced a accond principle governing the operation of heat 
engines, not less important than t)ie principle of the equivalence 
of heat and work. This principle is not probably in itself more 
difficult to understand and apply than tho principle of work, but it 
invoIvoB now and abEtroct conceptions peculiar to the science of 
thermodynamics, and hence always offers great difficulties at fii'st. 
Yet it ia suggested by a fact not less familiar and certain than those 
which saggoBt that heat and work ore mutually equivalent, ond 



that ifi, that the praotic&l utility of a given qnkntity of heat 
depends npon its temporatnra. If the vast amonnt of heat dis- 
charged into the condenser of a Ht«am engine oonld he ntiiized to 
prodace frceh steam in the boiler, it is obvions that the effioienc}' of 
Bteam engines would at once be multiplied many times : now there is 
no reason why this shonld not ho done, except that the temperature 
of the condenser is so mnch lower than that of the boiler. The 
second principle asserts that by no process of tho nature of a 
perpetual motion is it possible to convert heat of low temperature 
into heat of high tomporaturo, and it is certain that this principle 
cannot in any way bo evaded so long as we are rodaoed to operate 
on matter in largo masses; if wo wore able to operate on the 
ultimate molecules of which bodies are composed, the case might 
he different, Reasoning based on this prinoiplo leads to the 
Qonolnsion that the practical utility for mechanical porposes of a 
given quantity of heat depends upon tho limits of temperature 
within which it can be used, and shows that in designing a heat 
engine of any kind, tho available difference of temperature must 
bo carefully utilized as well as the available expansive energy of 
tho fluid. Hence we derive the conception of a " perfect '* engine 
being an engine in which no waste of heat occurs, except that 
which is theoretically unavoidable ^m the very natote of a heat 
engine. A table of the performance of perfect heat engines is 
given on p. 115, from which it appears that, with such temperatures 
as can bo made use of in practice, two-thirds the whole heat 
expended is neceegarily wasted, and thus tho low efficiency fonnd in 
the preliminary investigation is in great mcnanre accounted for. 
The statement is still not unfrequently made, that the actual 
expenditure of heat in steam engines is ten times the theoretioal 
expenditure ; but in any legitimate sense of the word " theoretical," 
it would be muck nearer the truth to say three instead of ten. 

The remainder of the fifth chapter is occupied with the dis- 
cussion of a perfect steam engine, and shows how the density of 
steam is found from Regunnlt'fl eiperimenta on its latent heat of 
ovaporotinn. The density of steam is not quite as certainly 
known as its other properties, but the extent of tho uncertainty is 
often very mnch exaggerated by poraons who are not far-"''"" "*'* 
tho mechanical theory of heat ; the maximum probable 
per cent., and perhaps much less. Tho sixth chapte' 
tho generation of steam in a clesed boil' 

The expansion curve of eteom depc loi 
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supplied daring expaneion, bo tliat if on absolutely accurato 
I'udicAtoF diagram were giTen, it would bo possible to fiud the heat 
enppliod at each Btep of the expBiisioti': wbilo, couversely, if the 
bent supplied be given, it is possible to find the eipausiTo cnrve. 
The seventh chapter is occupied with this qnestion, in dealing 
with which I have found it adviaitble to employ graphical methods 
to represent results, and, in some instances, to replace calculattun. 
This is done by tlrawiug a " curve of internal work," the area of 
which represents the work done in internal changes, just as tbo 
ezpanaiou curve reprosente the work done on external bodies, so 
that the beat supply is shown by the area intercepted between the 
two curves. The construction of this curve in special ohbcs, from 
data famished by calculation, has for some years formed a regular 
part of the course of instruction in the Royal Naval College. 
Here recently the methods have been extended, so as to determine 
by graphic construction tlie beat-snpply during expansion from 
data furnished by an indicator diagram. The two examples in 
Figs. 15, 16, were constructed to scale for me by Mr. T. Hearaou, 
RJf., and results obtained closely agreeing with calculation. 
Besides illustrating methods, these examples call attention to the 
immense influence of the sides of the cylinder, for, oithough the 
application of the method to cnses actually occurring requires 
great caution, it is probable that in the present instance the facts 
are in the main truly represented by the results of the calculation. 
The graphical methods are likewise applicable in the converse 
cue, where the supply of heat is known and the expansion curve 
required. In particular the adiabatic curve for a mixture of stoam 
and water can be constructed, and the expansion curve for steam 
expanding in contact with a thin metallic plate which follows its 
temperature. Fig. 17 — also constructed for mo by Mr. Hearsou 
— shows the process in detail. 

The eighth chapter is a continuation of the fifth, and is, 
amongst other things, devoted to the discussion of tbe losses of 
heat which take place in steant engines in consequence of the 
non-utilization of tbe whole available difference of temperature 
and of tbe whole available expansive energy of the steam. The 
difference between the iierforraance of the " perfect " steam engine 
of Chapter V. and the engine considered in the preliminary investi- 
gation of Chapter III. is thus completely accounted for. 

Tbe next question considered is tbe effect of clearance and 
wire-drawing, a jNUt uf the subject which cannot at present bo 



Bktisfactorily dealt witb. In the first inetance it is supposed — as 
is nsiul is enoli inTeetigfttioiie — that the state of the eteam is not 
matoTMllf changed, on which supposition the effect of clearance 
and ocunpreseion is worked out without any difficulty, ciccpt that 
ariaing &um the complexity of the details. In fitct, however, the 
question ia far more complex than might bo supposed at first 
eight, for the enei^ " lost " by clearance and wire-drawiug must 
in the first iustauco bo reprceeated by the kiuotic energy of the 
violent eddying motions produced in the steatn, which, if time 
enough elapse, will be converted into heat by fluid friction, and 
thuB make the steam senaibly drier. Not only so, but the changes 
which take place within a steam cylinder proceed with each 
rapidity, that it is not certain that the kinetic energy in qnestioQ 
can he completely abeorbcd in the way supposed till after cat off. 
A sonsible jiart of the effects conunonly attributed to the action 
of the sidee of the cylinder may probably be in reality dne to 
this cause: and till further exact experiments have been made, it 
is not poBsihle to eay how groat that jiart may bo. 

The tenth chapter is occupied with the vexed question of the 
uutoro and magnitude of the action of the sides of the cylinder, a 
part of the subject upon which it is only within the laet two or 
tliroo years that it has been possible to form a definite opinion. 
If wo suppose any cousidonthlo fraction of the steam to be con- 
doiiBod during adniission, and re-evaporated during expansion and 
exhaust, it at onco follows that the steam cylinder must be by far 
the moat efficient coudensing and evaporating apparatus at present 
known, A glance at the table on page 248 will show this, the 
smallest rate of transmission there given being equivalent to a 
condensation of nearly 100 Iba. of steam per square foot per hour. 
It is therefore not surprising that many should hesitate to accept 
a supposition involving sach a conelusiou, and should ascribe the 
results to errors in the etporimonts, or to largo amouuts of priming 
water in the steam supplied by the boiler, or to external radiation, 
or to the effects of clearance and wire-drawing just pointed out 
—except in the abnormal eases where large quantities of water 
accumulate in the cylinder. It may now, however, ho considered 
certain that the sides of the cylinder have n. pnwurful i?LllMcuoojBrf 
the working of all condensing engines, mul ^o pr^ 

carefully examined, it is seen that the nn -i 

densation and re-evaporation has the ofioc 
the action beyond what would be possi 



process of either Idiid. We may, liowever, eofely adopt M. Him'B 
coacloBioii that tlie Kction of the sides can only aOeot the portioIeB 
of steam and water in immediate oontact with them, the roet of the 
Bteam being practically nmsfliiGQced, a enpposition which cnabloa 
the theory of the action of a thin motollic plato attached to tho 
piston Ut be complotaly worked out with resnltB cloBcIy analogoaa 
to known facts relating to the working of steam engines in 
practice. Tho nature of tho inflnence of a Eteam jacket, and the 
f water remaining after cibanst, are also conaidorod in this 
chapter. 

The eleventh chapter, thongh placed at the end of the book, is 
intended to he referred to at an early period, I have here dis- 
cUBBcd some of the experiments mode on steam engines, and 
especially those made in tho lost few years on American mariuo 
engines. Tho dif&cnlties of oiperimesting accurately on steam 
engines are very considerable, and have been sQcoesafully overcome 
in very few instances, among which these esperimenta occupy a 
high place. In fact, they have only been rivalled by tho experi- 
ments carried on nearly at the same time in Franco. If I have 
referred less frequently to the French experimeuta, it is not from 
underrating their importance, bat from the cireum stance that they 
either have been or will be fully discussed by the experimentalists : 
I have thought therefore, that it would bo more useful to discuss 
an independent set of experiments, which lead to the same rcsalts. 
The chain of evidence, by which the magnitude of the action of 
the sides of the cylinder is demonstrated, is not, indeed, quite so 
complete as in tho French experiments ; but, on tho other hand, 
they were made on five different engines, simple and com^iound, in 
a great variety of circumstances. A table of the distribution of 
heat in steam engines, as determined by these experiments, is 
given, from which it appears that the best condensing engines 
met with in ordinary practice — neglecting losses connected with 
the boiler, ntilizo about 50 per cent, of the heat supplied to them, 
tho comparison being mode with a perfect engine working within 
the same limits of temperature. In this chapter is also considered 
the mode of determining experimentally tho magnitude of the 
losses dae to various causes, and tho table shows the results for 
the experiments in question. 

I had originally proposed to add chapters devoted to certain 
special points in the working of compound engines and to the 
modem theories about snporhoatod steam, but the book is already 
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too long. In the hope of rendering it more generally nsefdl, I 
have giyen Ml nmnerical details, expressed in snch units as may 
most probably be familiar to persons interested in steam engines, 
and I have added tables of the properties of saturated steam which 
will be fomid greatly to facilitate nmnerical computations.* With 
the same object I haye avoided the use of the higher mathe- 
matics, and employed simple algebra and geometry. In this, as 
in other branches of applied mechanics, a constant reference to 
fundamental principles and much patient application to details 
are necessary, to make theoretical investigations of any use in 
practice; but advanced mathematical processes are not often 
required, and sometimes disguise the real difficulties of the subject 
^vJ^ider consideration. Though I have done my best to remove 
difficulties, yet I have not attempted to supply the preliminary 
knowledge necessary to render any treatment whatever of the sub- 
ject intelligible : some knowledge of heat as a branch of physics, 
a thorough knowledge of the principle of work as applied to 
questions in practical mechanics, and some knowledge of the work- 
ing of a steam engine in practice, and of the use of an indicator, are 
absolutely indispensable. 

I have repeatedly acknowledged my obligations to other writers 
in the course of my work, but a special tribute is due to the 
memory of a great thinker whose loss mechanical science has had 
to lament since the appearance of the first edition of this book. 
In addition to other — perhaps even more important— claims, 
Eavkins will always be remembered in the history of science as 
one of the founders of the mechanical theory of heat, and as the 
author of the first treatise in which the theory of the steam engine 
was based on sound principles. I shall be glad if I have succeeded 
in &cilitating the study of his work and — by the employment of 
fresh experimental evidence — ^in carrying it on a few steps beyond 
the point at which he left it 

* In revising the proofs of these tables I have been assisted by Mr. T. 
Hearson, B.N. 
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THEORY OF THE STEAM ENGINE. 



CHAPTER I. 

PHYSICAL PBOPEBTIES OP STEAM. 

1. Our knowledge of the properties of steam is chiefly de- 
rived from experiments made by Begnault at the Paris 
Observatory, under the authority of the French Govern- 
ment, for the express purpose of ascertaining the numerical 
data necessary in calculations respecting steam and other 
heat engines. The experiments relating to steam are 
published in the twenty-first volume of the Memoirs of 
the Institute of France (Paris, 1847), to which the reader 
is referred for all details which it is not absolutely necessary 
for our purpose to mention : and such a reference is very 
desirable to obtain an idea of the immense labour and 
ingenuity employed in rendering the experiments as perfect 
as possible. 

To understand precisely what Begnault ascertained, some 
preliminary explanations and definitions are requisite, as 
follows. 

In the figure, A B is a cylinder open at the top, and con- 
taining a piston : the piston is loaded with weights, which 
with the atmospheric pressure are equivalent to P lbs. per 
square foot of the area of the piston, and rests on the surface 
of a mass of water placed below it ; the quantity of water is 
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immaterial, but-, for conveDience, will be snppoeed 1 lb. : the 
temperature of tlie water iB supposed that of melting ice 
or 32° on Fahrenheit's scale. If now heat be applied to the 
water, the temperature rises, becoming greater and greater 
the more heat is added, the piston remEiining stationary 
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(saye a very small rise dne to the expansion of the water) 
until a limiting temperature baa been attained, the value of 
which depends on the pressure: the temperature then re- 
mains stationary at that limit valoe, and the formation of 
steam commences, the piston rising as more and more of the 
water is evaporated ; finally, when snfficient heat has been 
added to convert the whole of the water inte steam, the 
temperature commences once more to rise, and may be 
raised to any amount if sofficient heat is added. These 
successive stages of the process are represented in the figure, 
which shows the piston in three positions, and for a com- 
plete tiieory of the steam engine a thorough knowledge of 
all three is indispensable. 8uch a thorough knowledge has 
not yet been attained as regards the third stage in which the 
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temperature of the steam ia rais&l above that at which it 
was originally formed, but by aid of Regnault's experiments 
almost all the needful information can be obtained respect- 
ing the tirst two stages, to which we shall confine ourselTCS 
in the present chapter. 

Connection bebceen Presmre and. Temperature. 

2, It waa stated abore that evaporation takea place when 
the temperature reaches a certain value depending on the 
pressure; now if the constitution of fluid todies was com- 
pletely understood, it might be possible to determine the 
relation between pressure and temperatiu^ by theoretical 
considerations ; at present, however, this cannot be done, and 
direct experiment is our only resource. Such experiments 
had been made by various esperimentallets ; but the results 
showed considerable discrepancy, and hence Regnault's first 
object was to set the question at rest by a thorough investi- 
gation. His apparatus consisted of a boiler containing, when 
half full, about thirty-three gallons of water, a condenser of 
suitable dimensions to condense the steam as fast as it was 
formed, and an air chamber three times the size of the 
boiler, provided with force pumps by means of which any 
desired pressure could be produced at pleasure. Pressures 
were measured by meaus of a colnmn of mercury open to the 
atmosphere, an arrangement admitting of greater accuracy 
than the manometers of compressed air employed by others, 
but involving the manipulation of a column of mercury 
nearly 50 feet high at the greatest pressures experimented 
on. The air chamber and condenser enabled any desired 
pressure to be maintained for any length of time. 

The principal difficulty to be overcome is, however, in the 
measurement of temperatures, which requires to be effected, 
especially at high pressures, with extreme accuracy. Now, a 
mercurial thermometer is not an exact measure of tempera- 
ture unless it has been graduated by comparison with some 
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standard instrument : diflTerences in the quality of the glass 
and the mode of construction producing sensible differences 
in the indications, especially at high temperatures, differ- 
ences which were probably the most important cause of the 
discrepancy in the results of the earlier experiments on 
the elastic force of steam. Hence, in the measurement of 
temperature, Regnault employed as a standard, not a mer- 
curial, but an air thermometer, an instrument which will be 
referred to further in a subsequent chapter. 

Kegnault's experiments at pressures above the atmo- 
spheric extended to pressures of twenty-eight atmospheres, 
or more than 400 lbs. per square inch, while those at pressures 
below the atmosphere meide with a different apparatus ex- 
tended not only to what is commonly called steam, but like- 
wise to the vapour given off by water at all temperatures, 
even the lowest. His results are given in degrees centi- 
grade, and millimetres of mercury, and are not merely stated 
in tables, but expressed graphically by means of a curve 
drawn on copper with extreme care and accuracy. In 
reducing them to English measures, it has to be remem- 
bered that 100° centigrade corresponds to the pressure 760 
millimetres of mercury, or 29 922 inches, at the temperature 
32°, and at a height of 60 metres in the latitude of Paris 
above the level of the sea : at any other level and in any 
other latitude, 100° centigrade will, on account of the 
variation of the force of gravity, correspond to a column of 
mercury of somewhat different height. Now, 212° on a 
British standard thermometer corresponds to 30 inches of 
mercury at the equator, 29*922 inches in the South of 
France, or 29*905 inches at London, and hence lies a little 
below 100° centigrade ; so that 1° Fahrenheit is not exactly 
|ths of 1° centigrade, but is a little less ; and thus the re- 
duction from French to English measures requires consider- 
able calculation. The reduction has been made with great 
care and accuracy by Professor Dixon in his valuable treatise 
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on Heat (Dublin 1849), and the table at the end of this 
book (Table la) has been deduced from that given in his 
work, omitting the lower part of the table as not required 
for purposes connected with the theory of the steam engine, 
and converting inches of mercury into lbs. per square inch. 
In the reduction, it has been supposed that the British 
standard thermometer shows 212° at the pressure 14 '7 lbs. 
per square inch, which is exact in the South of France, and 
near enough at any point of the earth's surface. The ratio 
which the pressure at any temperature bears to the pressure 
at 212^ is the same everywhere, and it is this which for 
theoretical purposes it is important to know with accuracy. 
The table shows the pressure corresponding to each degree 
Fahrenheit, from 93° to 432° in Iba per square inch. A sup- 
plementary table (Table 15), extracted directly from Dixon's 
work, shows the same pressure from 70° to 150° in inches of 
mercury. The third column in the principal table shows 
the rise of pressure consequent on an increment of tempe- 
rature of 1°. 

The general result of the experiments is to show that the 
pressure increases with the temperature, and that the more 
rapidly, the greater the pressure. For example, at 212° the 
pressure is 14*7 lbs. per square inch, and the increase of 
pressure for a rise of temperature of 1° is about • 29 lb. ; at 
247° the pressure has increased to 28*34, and the diflFerence 
for 1° to about J lb. ; at 300° the pressure reaches 67*22, and 
the difference 1 lb. ; while at 432° the pressure is no less than 
350*73, and ^he diflFerence is 3*64. Thus, at 350 lbs. per 
square inch, the pressure increases about fourteen times as 
rapidly as it does at the atmospheric pressure. 

Many formulae have been devised for the purpose of re- 
presenting algebraically the results of experiments on the 
elastic force of steam at a given temperature, a brief account 
of which will be found in the Appendix ( Note A) ; for 
theoretical purposes a knowledge of these formulas is some- 
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times aeceesary, and we slial! occasioDally use them here- 
after. For practical purposes and numerical calculation 
tlie table is more useful ; examples will be found attached 
to the table. It was mentioned above that Keguault con- 
structed a curve graphically representing his results ; this 
may be done by setting off the temperatures as abseisgie, and 
the corresponding pressures as ordinates ; and the reader will 
find it a useful exercise to construct such a curve for him- 
self, using the numerical values given in the table, so as to 
familiarize himself with the general character of the relation 
between pressure and temperature. 

Before leaving this part of the subject, some circam- 
stances must be noticed wliich modify the results now given 
in oertain cases. 

If perfectly quiescent water, perfectly free from air or 
other foreign substance, be heated in a clean glass vessel, the 
temperature may be raised far above 212" without occasion- 
ing ebullition ; and when ebullition does take place it is 
effected, not regularly and quietly, but by fits and starts, 
producing what is called " bumping." This effect, which is 
much more manifest when sulphuric acid is used instead of 
water, is due fo molecular cohesion; for particulars, the 
reader is referred to Professor Clerk Maxwell's treatise on 
the ' Theory of Heat,' page 269. If such an effect could be 
produced in the circumstances of an ordinary steam boiler 
it would be a great source of danger, for suppose a boiler 
constructed to work at a pressure of 67 lbs. per square inch 
absolute, say 62 lbs. above the atmosphere, this corresponds 
to a temperature of about 300" Fahr., if now the tempera- 
ture conid be raised to 320^ Fahr. without the corresponding 
increase of pressure to 75 lbs. alwve the atmosphere taking 
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of the numerous cases of explosion which have occurred 
immediately after starting an engine may be accounted for 
in this way, yet the circumstances under which the effect is 
produced are rather those which occur in a laboratory than 
in actual practice. 

Secondly, if a salt be dissolved in water the temperature 
of ebullition is varied ; thus ordinary sea water contains one 
thirty-second part by weight of common salt, the temperature 
of the steam produced under the atmospheric pressure is not 
212^ but 213^*2, and it is said that if more salt be added 
the boiling point of the brine is raised by V'2 for each 
thirty-second part of salt which is added. The steam in such 
cases is quite tree from any admixture of salt, but probably 
has the temperature of the boiling brine, and is therefore to 
some degree " superheated," a term the meaning of which 
will be explained presently. (See Appendix, Note A.) 

Subject to these observations, the elastic force of steam is 
always connected with its temperature, as shown by the 
table, so long as it remains in contact with water, no matter 
how the steam\ has been produced ; thus if, instead of 
supposing the water confined in a cylinder provided with a 
piston which rises as the steam is formed, we suppose the 
steam to be produced in a closed steam boiler, then the 
temperature and pressure will keep rising as more and more 
heat is added, instead of remaining stationary; but the 
relation between pressure and temperature remains precisely 
the same so long as any water is left. 

Specific Heat of Water. 

3. Betuming to our cylinder and piston, and considering 
the first stage of the process before the production of steam 
commences, we have now determined the limit temperature 
(f) in terms of the pressure on the loaded piston, and we 
next consider, in order to complete our knowledge of the first 
stage, the quantity of heat which must be added to the water 
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in order to produce the change in question, or, in other 
words, to nuse its temperature from 32° to t". Now 
quantities of heat are uieasured in thermal units — that is, 
by the quautity of heat which is necessary to raise a lb. of 
water through 1° at \\& temperature of maximum density, 
or from 39° to 40^ Fabr. ; if then the same quantity of 
heat were required to raise a lb. of water through 1° at any 
other part of the scale, say from 212° to 213°, then the 
amount of heat required would be i — 32 simply, and this 
is what is usually assumed by practical writers on the subject 
of the steam engine. 

Begnault, however, has shown, by a series of direct ex- 
periments, that the quantity of heat in question is always 
greater than t — 32, the difference becoming greater and 
greater as the temperature f° is higher, llis results changed 
into English measures are given in Table Ila at the end of 
the book, for every 27° from 77° to 401°, in which the first 
column gives the temperature f, and the second ( - 32, 
while the third gives the quantity of heat in question as 
determined by Regnault'a esjieriments. A knowledge of 
this quantity of heat is continually required in the course of 
our work, and hence u special symbol (7i) is used for it, and 
it must be understood that h in this work always means the 
quantity of heat necessary to raise a lb, of water from 32° to 
f, and is never used for any other purpose. 

As just stated, the value of A is given by the table at the 
temperatures indicated in the first column, at any inter- 
mediate temperature interpolation is necessary, for which 
purpose the mean difference for 1° is given in the fourth 
oolumn of the table. These numbers represent the mean 
quantities of heat required to produce a rise of temperature 
of 1°, or, in other words, the mean specific heat of water 
between the temperatures indicated, whence it will be seen 
that the specific btat of v very considerably at 

high temperatures, hi fttthetemn 
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ture 375° corresponding to a pressure of 185 lbs. per square 
inch. Examples of the process of interpolation will be found 
at the end of the tables. 

Begnault's resultis require certain corrections in order to 
make them precisely applicable to our purpose, that is, to 
make them represent with absolute accuracy the heat 
expended in the first stage of the process we are considering. 
These corrections are, however, undoubtedly much less than 
the deviation of the specific heat of water from unity, and 
will not be considered here ; for further information the 
reader is referred to the Appendix (Note B). Unless we 
have to do with steam of very high pressure the difierence 
between h and ^ — 32 may frequently be safely disregarded, 
but much depends upon the particular question considered. 

The quantity of heat requisite to raise a lb. of water 
through 1° has of late not unfrequently been called a " pound 
degree *' by writers on the steam engine. If this expression 
be adopted, it must be remembered that it expresses a 
different quantity of heat for each particular temperature, so 
that for steam of 185 lbs. pressure it is about 4 per cent, 
greater than at low temperatures. Hence to make the 
" pound degree " a definite unit of measurement, the tem- 
perature employed as a standard must be indicated. There 
seems no advantage, however, in abandoning the well-under- 
stood term "thermal unit," used in measuring quantities 
of heat. 

Total and Latent Heat of Evaporation. 

4. We next go on to consider the second stage of the 
process, that is, the evaporation of the water, which takes 
place gradually as heat is added, the piston steadily rising, 
and the cylinder remaining at the constant temperature 
already investigated. 

Let us first suppose that so much heat has been added, 
that every drop of the water is evaporated, aud the cylinder 
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contains nothing but steam of the same constant pressure 
under which it was originaUy formed, then the first question 
to be considered is the quantity of heat required to evaporate 
the water as described. This quantity of heat is called the 
latent heat of evaporation of water, a term the origin of 
which will be explained hereafter. If further we consider 
the quantity of heat expended in the first and second 
stages together, that quantity of heat is called the total 
heat of evaporation of water. Thus the total heat of evapo- 
ration of vxxter is the quantity of heat requisite to raise a 
pound of water from 32° to a particular temperature, and 
evaporate it at that temperature, while the latent heat of 
evaporation of water is the quantity of heat requisite to 
evaporate a pound of water at a given temperature. The 
first of these quantities will in this work invariably be 
denoted by H, and the second by L, symbols which will be 
used for no other purpose. 

The values of H and L in the present state of our know- 
ledge can only be determined by experiment, and as the 
results obtained by the earlier investigations of Watt and 
Southern were discrepant, a second principal object of 
Begnault's experiments was to set this question also at rest 
by a thorough investigation. 

Begnault's apparatus consisted, as before, of a boiler con- 
denser and air chamber, arranged so that a perfectly steady 
evaporation could be maintained for any length of time 
required under any desired pressure, the steam being con- 
ducted to the condenser, and condensed as fast as it was 
formed in the boiler, quite independently of the calorimeters, 
mentioned fiEurther on, used to measure the heat given out in 
condensation. The steam pipe conducting the steam from 
the boiler to the condenser and calorimeters passed into the 
boiler below the water line, and after several convolutions 
terminated in the centre of the steam space, which was 
large; while outside the boiler the pipe was thoroughly 
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gteam jacketed and dothed, and hence thcmMiglily diy steam 
was secured witiioat any poseibility tit saperheating. 

Suitable steam of a given temperature being thns obtained, 
is condncted into a calorimeter consisting of a pair of copper 
globes sorroonded by cold water. Condensation of the steam 
in the globes immediately takes place, the heat given ont 
being abstracted by the cold water, the rise of temperature 
of which famishes a measure of the quantity of heat, while 
the condensed water issuing from the globes gives the weight 
of steam condensed ; hence the heat given out by each pound 
of condensing steam is fuUy determined. 

Great care is necessary in conducting experiments of this 
kind to secure accuracy, a special difficulty being to find the 
quantity of heat lost by radiation from the calorimeter while 
the experiment is proceeding. For details I must refer to 
the original Memoirs. It is sufficient to say that all diffi- 
culties were overcome by Begnault, whose results are uni- 
versally accepted as being as perfect as the nature of the 
case permits. 

If now we carefrdly consider the way in which B^;nault's 
experiments were made, it will be seen that the result he 
obtained is no other than the total heat of evaporation as 
defined above ; for if, after the water has been completely 
evaporated by the application of heat to the cylinder, we 
imagine some cold body to be applied to take away the heat 
again, the steam will begin to condense and the piston to 
descend under its constant load, a process which will go on 
till all the steam is condensed and there remains nothing 
but water : a frirther abstraction of heat causes the tempera- 
ture to £etll till finally we have the pound of water at 32''', 
with which the process began. And the whole heat taken 
away when the steam is condensed is the same as the whole 
heat added when the water is evaporated. Now while the 
steam was being "d in the globes of Begnault's 

calorimeter, a ^ ire was maintained throughout 
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the apparatus during the whole period of the experiment, 
and thus we are sure that the circumstances of the experi- 
ment were just the same as in the case of our hypothetical 
cylinder and piston. The necessity for insisting on this 
point will be u^derstood when we come to the next chapter ; 
for the present it is sufficient to say that the values of H are 
certainly given to a great degree of accuracy by these 
experiments, which, together with the two other series 
already mentioned, form the experimental basis of the theory 
of the steam engine. 

Begnault's experiments on the total heat of evaporation 
extended from a pressure of one-fifth of an atmosphere to a 
pressure of fourteen atmospheres, say 3 lbs. to 200 lbs. per 
square inch, and the general result is that H increcises 
slowly with the temperature by '305 thermal unit for each 
degree Fahr., so that it may be expressed by either of the 
formulsB 

H = 1091-7+ -305(^-32), 
= 1082 + -305 f, 
= 1146-6+ -305G-212). 

Below one-fifth of an atmosphere the difficulty of securing 
a regular steady ebullition prevented Eegnault from obtain- 
ing thoroughly reliable results. It is, however, usual, to 
suppose that the same formula applies to all cases. 

Table Ila shows the results of the formula for every 27°, 
from 77° to 401°, and also at 32° the fifth column giving 
the difierences, which in this instance are constant. Inter- 
mediate values may be obtained either directly from the 
formula or by interpolation. 

In our definition of the total heat of evaporation, it has 
been supposed that the temperature of the water was 32° 
when the heating commenced ; in practice, however, it 
generally happens that the water originally has some other 
temperature to, we then speak of the total heat of evapora- 
tion /ro9n ^0 cU t The tabular values of H and h enable the 
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result in this case to be easily obtained, for if Q be the re- 
quired quantity of heat, we shall have 

Q = H - A., 

where Aq signifies the heat necessary to raise a lb. of water 
from 32** to the temperature ^o« For example, to find 
the total heat of evaporation of water /rom 104° at 293°: 
on referring to the table we find for the value of h at 104°, 
72-09, and for the value of H at 293°, 1171-3, hence 

Q = 1171-3 - 7209 = 1099-21. 

In this case, if the temperatures are not those given in the 
tables, H and ho must be found separately by interpolation ; 
but we may almost always simplify by using ^ — 32 for h. 
Thus in the present example the error of so doing is less 
than one-tenth of a thermal unit, a quantity which is in- 
appreciable compared with the value of h. 

From the total heat of evaporation H we can at once 
deduce the latent heat of evaporation L, for it is clear that 

so that we have only to subtract the tabular value of h from 
the tabular value of H in order to find the value of L. The 
seventh column of Table Ila has been formed in this way, 
and shows the latent heat of evaporation of water for every 
27° from 77'' to 401°, while the eighth column shows the 
difierences for 1° from which the latent heat at any other 
temperature can be found by interpolation. The table 
shows that the latent heat L diminishes as the temperature 
increases, the rate of diminution not being exactly constant, 
bnt increasing with the temperature. Unless, however, 
special accuracy is necessary, the formula 

L = 966 - -71 (< - 212«0 

'uch are amply sufficiently approximate, 
the latent heat diminishes by rather 
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more than seven-tenths of a thermal unit for each degree 
Fahr.^ and is 966 thermal units at the temperature 212°. 

Dermty of Steam. 

5. To complete our knowledge of the first two stages of 
the process we are considering, it is now only necessary to 
know what is the volume of the resulting steam, or how high 
the piston will have risen at the instant when the last drop 
of water is evaporated. Unfortunately, in the present state 
of our knowledge, this question cannot be answered with the 
same degree of accuracy with which we know the elastic 
force of steam or the total heat of evaporation. Two distinct 
methods have been adopted : first, by a series of direct experi- 
ments ; secondly, by a calculation based on the principles of 
thermodynamics from the data already given. 

No experiments on the density of saturated steam have 
been published by Eegnault, and the only investigation 
possessing any claim to be considered reliable was made by 
Messrs. Tate and Unwin, under the auspices of the late 
Sir W. Fairbaim, and published in a paper read by the latter 
before the Royal Society in 1860. An abridged account of 
these experiments is given in Fairbairn's * Mills and Mill- 
work,' Part I., p. 207, to which the reader is referred for 
details; we shall here only mention the principle of the 
investigation and its results. 

A glass globe was provided with a long stem, say 32 inches 
long, which was filled with clean mercury, and inverted in a 
dish of mercury, the mercury being previously boiled to 
secure the absence of air. A bubble of glass containing the 
water to be experimented on was then introduced into the 
globe floating on the top of the mercury. If now heat 
be applied to the globe the water vaporizes, the mercurial 
column descends, and the capacity of the globe having been 
previously measured, furnishes the means of measuring the 
volume of steam produced from the known weight of water 
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in the bubble at a koown pressure and tenii>eratare. Two 
apeciol diffictiltiea occur when attempting to measure the 
density of steam by such a method. 

First, it is impoesible to tell directly the exact instant at 
which all the water is evaporated, and it is clear that if the 
Tolumo be observed before all the water is evaporated there 
will be no means of determining the weight of water turned 
into steam ; while if the volume is observed after the water 
is all evaporated, the volume measured will not be that of 
steam in contact with water, but of steam which is more or 
less Boperheated. Now this first difficulty was overcome by 
replacing the dish of mercury by a long glass tube project- 
ing below a copper boiler containing water, in which the 
glass globe was immersed. On heating the boiler, steam was 
produced outside the globe of the same temperature as the 
steam inside the globe, and hence so long as any water 
remained in the bubble the pressure outside and inside the 
globe was the same, as shown by the mercury standing at 
the same height in the stem of the glass globe and the outer 
tube connected with the boiler. The moment the steam 
inside the globe becomes superheated the pressure inside 
the globe becomes less than the pressure outside, and this is 
at once indicated by a rise of the mercurial column in the 
stem of the glass globe, and the precise instant at which 
the volume should be meiisured was thus deterniined ; bonce 
this first difficulty was successfully overcome. 

The second special difficulty which besets experiments of 
this kind is the cohesive attraction between water and the 
glass vessels in which it is contained, in consequence of which 
a glass vessel may be heated considerably without beiug at 
once dried, and in all probability steam is condensed on a 
glass surface as hot or hotter than itself. This source of 
error remains in the results of tliese experiments, and it is 
probable that the denaities determined by them are some- 
what too large. 
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The experiments extended from 2^ lbs. on the square 
inch to 70 lbs. on the square inch, and their results are given 
in Table III. for a whole series of pressurea The fourth 
column of this table gives the weight in lbs. of a cubic foot 
of steam, at the pressure indicated in the first column, as 
determined by these experiments. 

The second method of obtaining the density is by calcula- 
tion on the principles of thermodynamics from the yalues of 
the latent heat of evaporation given above. This method 
will be fully considered hereafter ; it is su£Scient to say at 
present that certain needful numerical data are not as yet 
known with absolute exactness, and that consequently the 
results of the calculation are not free from possible error. 
The fifth column in Table III. gives the weight of a cubic 
foot of steam as determined by this method, and the approxi- 
mate agreement with the results obtained by direct experi- 
ment shows that neither method can be very far wrong. 
The calculation values wliich are the smaller are to be 
preferred, and it is highly improbable that they can be so 
much as one per cent, in error. 

' The general results of calculation and experiment on the 
density of steam are that the weight (w) of a cubic foot 
increases nearly in proportion to the pressure (p), but at a 
somewhat slower rate, as shown by column 6, which gives 
the differences per lb. from which the values of u; for pressures 
not given in the table can easily be found by interpolation. 

The reciprocal of w the weight of a cubic foot is the 
volume in cubic feet occupied by 1 lb. of steam, a quantity 
which in this work will always be denoted by v when steam 
is under consideration. The value of t; is given in the second 
column of the table for the pressures indicated in the first 
column; and we shall call v the specific volume of the 
steam. 

It is common to compare the volume of the steam with 
the volume of the water from which it is produced, which 
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may be done by multiplying v by 62*4, which is nearly the 
weight of a cubic foot of water at ordinary temperatures ; this 
may be called the relative yplume of the steam, though by 
some writers the term *' specific volume " is used in this sense. 

Various formulae have been devised for the purpose of 
connecting the pressure and density of steam, of which we 
shall here give two. 

First, we place the formula given in Fairbaim's paper to 
represent his experiments, viz. 

389 



r = -41 + 



/>+-35 



altering the constants to suit the case when the pressure is 
given in lbs. per square inch, and the volume in cubic feet. 
This formula* gives the results obtained by direct experi- 
ment, and the values as stated above are probably somewhat, 
too small for perfectly dry steam below 110 lbs. per square 
inch. At pressures much exceeding this limit the formula 
gives too large a result. 

Secondly, the results of calculation are represented 
approximately by the formula 

p ©** = constant, 

where the value of the constant for pressures in lbs. per 

square inch is about 476. This formula was employed by 

Bankine, and the elaborate calculations of Zeuner have 

fully confirmed it. Zeuner, however, shows that the index 

17 

jTT. = 1*0625, used by Bankine for the sake of simplicity, 

may be replaced with advantage by the somewhat larger 
value 1 • 0646.t 

* In Fairbairn'8 * Mill Work,' Part I., p. 214, this formula is quoted with a 
wrong sign in the denominator of the fraction. The error haa been copied by 
Rankine in his work on * Shipbuilding,' where the formula has been applied to 
a numerical example, and by the present writer in the first edition of this 
work. In Bankine*8 ' Useful Bules and Tables ' the formula is quoted cor- 
rectly. 

t * Grundziige der Mechanischen Warmetheorie,* p. 294. 
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Neither of these formalae rest on any theoretical basis, 
but both are empirical formulsB employed to represent in a 
simple form the results of calculation and experiment. The 
second formula is that which will be chiefly employed in this 
work, when a formula is necessary ; for numerical calcula- 
tions the table is preferable. 

Partial Evaporation — Superheating. 

6. In all that has been said in the two preceding divisions 
of this chapter it has been supposed that the process of 
evaporation has been carried on until every drop of the water 
has been evaporated, and there remains nothing but steam, 
while care has been taken to stop the application of heat 
at the instant the water has all disappeared, so that the 
temperature is still stationary. 

In such a condition the steam has the greatest density 
possible in perfectly dry steam at that pressure, and is hence 
said to be steam of " maximum density," or otherwise it is 
said to be " saturated." Likewise the temperature of such 
steam is the lowest possible at that particular pressure. 
Steam, however, seldom exists in a perfectly dry and satu- 
rated condition; either it is more or less mixed with water, or 
else its temperature is greater than that corresponding to the 
saturated condition. 

In the first place, the steam supplied by an ordinary steam 
boiler is probably rarely perfectly dry; much obscurity rests on 
this point from tbe absence of any easy means of testing steam 
so as to ascertain the proportion of suspended water, but there 
can be little doubt that if from any cause the ebullition is 
irregular, such as, for instance, is the case when the irregu- 
larity in the consumption of steam always existing is aggravated 
by small steam space and rapid evaporation — that water 
is carried over from the boiler along with the rushing steam. 
This efiect is called "priming," and is often produced on 
a large scale by impurity of water and other causes which 
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we need not here consider. And even if the steam from the 
boiler be originally dry, it almost always condenses to a 
greater or less extent on entering the cylinder. 

Thus in a theory of the steam engine it is not SQ£Scient 
to confine ourselves to the consideration of dry steam, we 
must likewise consider st^am containing a certain amount 
f moisture. The amount of moisture in steam is estimated 
by the amount of pure steam (x) contained in a pound of 
the actual steam, then as is a fraction which is smaller the 
wetter the steam, and which may be called the dryness- 
fraction of the steam. Let 8 be the volume in cubic feet of 
1 lb. of water, then since 1 lb. of the steam contains x lbs. of 
dry steam and (1 — x) lbs. of water, it is clear that the 
specific volume Fmust be 

V = r a: + (1 — flp) », 

where v as before is the specific volume of dry steam con- 
sidered in the preceding section. 
We may write this 

Now 5 is a small fraction being '016 at ordinary temperatures 
and less than 20 per cent, greater (see Appendix, Note B) at 
the highest temperatures possible in practice, we may there- 
fore safely neglect it ; further, unless x be small, the remain- 
ing term 8 may be neglected, and we obtain simply 

These simplifications cannot be made at very high 
pressures, nor when (as is sometimes the case) we have to do 
with mixtures of steam and water, consisting chiefly of water. 
To show the amount of error involved, the value of t? - s is 
given in the third column of Table III. 

So much for the density of moist steam. Next, for its total 
heat of evaporation, we have only to consider that for each 
lb. of such steam a lb. of water has been raised from 32^ to 
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t, bat only x Uml bare been efsponled ; heoce if Q be the 
heat expended, 

or if the water originallj be al ^ inslead of 32^, 

a formula which, bj aid of the tabulated results giTen 
preyionsly, enables ns to find the total heat of eTaporatioQ 
Tery readily when x is known. 

The heat necessary to produce dry steam finom and at 212° 
is 966 thermal nnitSy and the total heat of eTapoiation under 
any circomstances may conveniently be expressed by stating 
the eqniTaleut eTapcnraticHi from and at 212°. Suppose we 
call this £, then 

^ = 966 = — gee— P^^^^^^^*- 

For example, suppose a boUer to supply steam with 10 per 
cent of suspended moisture, the eyaporation taking place 
from 100 at 320% then 

_ 220+9x888 ^ 1019 _ 

966 966 ~ ^ ^ 

which is the factor by which the actual evaporation must be 
multiplied to obtain the equivalent evaporation from and at 
212^. 

The possibility of the steam generated by a boiler con- 
taining suspended moisture, and thus requiring less heat to 
produce it, should not be lost sight of when the efficiency of 
the boiler or the evaporative power of the fuel is being con- 
sidered, for important errors may easily be produced in this 
way. 

Not only may steam be wet, but it frequently happens, 
either by direct application of heat or by other causes to 
be considered hereafter, that its temperature is rai3ed above 
the limit value, which is the lowest possible at the pressure 
considered, and in that case it is said to be superheated 
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Sach is the case in the third stage of the process we have 
been considering, in which after the water has been all 
evaporated the apphcation of heat is continned. The tem- 
perature then rises continually^ instead of remaining stationary 
as before. Our experimental knowledge of this third stage 
is very imperfect, and the little that is known with certainty 
cannot advantageously be introduced here ; I shall therefore 
now pass on in the succeeding chapter to explain the funda- 
mental principle upon which, together with the results of 
experiment now given, all successful reasoning on the subject 
of the steam engine must necessarily be based. 
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CHAPTER n. 

OONYEBTIBILITT OF HEAT AND WORK. INTEBNAL WORK. 

7. When a resistance is oyercome by the action of force, 
the effect of the force, considered as acting through space, is 
measured by the magnitude of the resistance multiplied by 
the distance traversed, estimated in the direction of the 
force. The force is then said to do work, and the work done 
is equal to the product of the resistance and the space. 

The power of doing work is called energy, and a body or 
system of bodies possessing this power is said to '' possess 
energy/' an expression which implies that energy is con- 
ceived as separate from and independent of the bodies 
through which it is manifested, capable, like matter, of mea- 
surement in quantity, and, as we shall see presently, like 
matter, indestructible. In simple mechanics energy is of two 
kinds, energy of position and energy of motion, otherwise 
called potential energy and kinetic energy, exemplified by 
the simple cases of a raised weight and a rotating wheel, each 
of which possesses the power of doing work: the one, in 
virtue of its position at a certain height above the earth's 
surface ; and the other, in virtue of its motion. 

When the force applied is just sufficient and no more to 
overcome the resistance, the energy exerted is exactly equal 
to the work done, and this is true not merely of a single 
force applied directly so as to overcome the resistance, but to 
any number of forces applied by means of a machine of any 
degree of complexity, so that we may say in any case in 
which the forces just balance the resistance. 

Energy exerted = Work done. 
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This is the principle of work as api»lied to balanced forces, 
L and ia identical with the older principle of virtual Telocities 
I explained and applied in all test books of elementary 
[ inechiinics. 

It will, however, rarely happen that the forces applied 
I exactly balance the resistaiit-e overcome ; let us suppose that 
the applied forces are the greater, then the unbalanced part 
of these forces takes effect by causing the parts of the 
machine to move quicker and quicker, and thus to increase 
I their energy of motion ; hence the energy exerted by the 
applied forces is not all employed In doing work, but partly 
takes effect in increasing the kinetic energy of tlie parts of 
the machine. In this case the principle of work is equivalent 
to the statement, 

EnergT exerted = Work daoo + Kinetic Boerg; aoeutnuUlcd in the moving 
parta of tbe macluiio ; 

a statement which, by supposing the accumulation of energy 
Ltive, will include also the cose in which the applied 
forces are in themselves inaufflcieut to overcome the resist- 
ance, so that a part of the work is done at the expense of the 
I kinetic energy of the moving parts. Now, as the expression 
' accumulated energy implies, the energy employed in altering 
t the velocity of a particle or machine is not lost, but merely 
transferred to the particle or machine, existing there, in the 
form of kinetic energy, or energy of motion. And further, 
when the work done consists in raising weights or other 
similar operations, it is clear that the energy exerted is not 
I lost, but exists in the weights raised, which jwssese on falling 
I a capacity of doing work, or potential energy exactly equal 
I to the work done in raining them ; so that if we confine our- 
I selves to such operations we may assert that energy when 
I exerted is not destroyed, but simply transferred from one 
[ body to another. 

In all cases, however, some, and in many coses all, the 
[ work done consists of mechanical operations in which energy 
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is to all appearance lost, a principal instance of this being 
friction. When one surface mbs against another work, is 
done in oyercoming friction; and although no doubt there 
is a certain amount of wear so that some energy might be 
imagined to be regained by replacing the abraded particles 
in their original positions, yet it is certain that but a small 
amount of the whole energy exerted is thus accounted for. 
Thus, confining ourselves to simple mechanics, energy is not 
indestructible, and we cannot go farther than to say that 
energy cannot be created out of nothing, but must be 
obtained from some store of previously existing energy. 
To this extent the principle of work is equivalent to the 
statement that a '^ perpetual motion is impossible," an axiom 
which is actually forced on all those engaged in mechanical 
operations, and which was practically known to our great 
engineers of the last century long before the principle of 
work was formally stated by Poncelet in the Mecanique 
IndustrieUe. 

We now, however, can go much farther than this, since we 
know that mechanical energy is only one of several forms in 
which energy may exist, and that the processes by which 
energy is to all appearance lost are really processes by means 
of which mechanical energy is transformed into one or 
other of those forms, and that when account is taken of all 
the results of the processes in question, we shall find that the 
energy which has disappeared is in nowise lost, but is merely 
transferred from one body to another, and altered in form, 
not substance. 

The principal other form into which mechanical energy is 
capable of being transformed, and the only one which concerns 
us, is that powerful agent in producing physical changes 
which we call heat. It is unnecessary here to trace the 
steps by which the idea arose that heat and mechanical 
energy are quantities of the same kind, capable of conversion 
the one into the other ; I shall content myself with enunciat- 



CONVERTIBILITY OF HEAT AND WOBE. 25 

log the First Law of thermodynamics, that is to say, of tho 
scioTice of the relations between work iind heat, as follows : — 

Seal and mechanical energy are muivMily convertible, a unit 
of heat corresponding to a certain fisced amount of work, called 
the mechanical equivale/ni of heal. 

Thus, when mechanical energy is expended in overcominfj 
friction, it is a matter of common expeiience that heat is 
prodneed, and the law just enunciated tella us that this heat 
is merely the energy tspended in a different form. Assum- 
ing, which is very approximately the cose, that the surfaces 
remain in the saniQ state as before, the energy expended 
beers a fixed proportion to the heat generated, that fixed 
proportion being the mechanical equivalent of heat, and by 
comparing the heat generated with the energy expended the 
mechanical equivalent of heat may be determined. 

The first attempt to establish a connection between work 
and heat was made by Count Humford in his celebrated 
experiments on the heat generated during the boring of a 
cannon, but the first accurate determination of the mechanical 
equivalent of heat was made by Joule, atid hence we com- 
monly speak of Joule's equivalent. Joule experimented on 
the heat produced when a given amount of energy was 
employed in agitating water, and obtained the number 772, 
signifying that the heat necessary to raise a lb. of water 
from 39° to 40° would, if wholly converted into work, raise 
a lb. weight through 772 feet. It is certain that this 
number is very near the truth, although it is not probable 
that minute accuracy has yet been attained. The late Pro- 
fessor Rankine believed it to be within ^Trth of the truth. 
Kesearches now proceeding may probably attain a still more 
approximate result, meanwhile we employ in this work the 
number 772 as the besl value at present attainable. (See 
Appendix, Note F), 

Since heat and moi^hanical energy are merely diflereut 
forms of the same thing, it follows that ((Utmtitiee of boat 
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may be expressed in foot pounds, and conversely qnantities of 
work may be expressed in thermal units ; thus the total and 
latent heat of evaporation of water may be expressed in foot 
pounds, as is shown by Table Ub derived from Table Ila, by 
multiplication by 772. And again a horse-power of 33,000 

foot pounds per minute is equivalent to -' =42*75 

thermal units per minute, or 2565 thermal units per hour, 
numbers convenient to remember in working examples. 

Internal and External Work done during Evaporation tmder 

Constant Presttire, 

8. Having now obtained a principle by means of which 
heat expended can be compared with work done, let us 
return to the case of the evaporation of water beneath a 
piston, which we considered at some length in the preceding 
chapter. It is clear that, when the piston rises during 
the evaporation, work is done in overcoming the pressure P 
with which the piston is loaded, and it is easy to find from 
the data of the last chapter the amount of that work. For 
let A be the area of the piston in square feet, i/q the depth of 
water in the cylinder before evaporation begins, y the height 
of the piston above the bottom of the cylinder when the 
water is all turned into steam, then clearly A yo is the volume 
of the water in the cylinder, and A y the volume of the 
resulting steam, or, using the symbols of the preceding 
chapter, 

but the piston rises through the space y—yo overcoming a 
pressure of P lbs. per square foot, or a total pressure P A, 
hence the work done is given by 

Work done = P A(y - yo) = P C*' - »)• 

Since both P and v are known, and 8 is the constant 
fraction 'OIG, the work done can be calculated for any 
pressure or temperature from the experimental data of the 
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jffeceding chapter, Tbe results are exhibited in Table IVa, 
the fourth column of which gives in foot pounds the value of 
P (« — s), or the work done, for every 27° of temperature from 
104° to 401°, while the fifth column gives the differences 
per 1°, which enable the result for any other temperature to be 
readily found by iuterpolatioD. It appears from this table 
that the work doue during evaporation of a lb. of water 
increases with the temperature, the rate being slow and 
slowly diminishing as the temperature rises. At the atmo- 
spheric pressure the result is 57,740 foot pounds. 

Our next object is to compare this work with the amount 
of heat expended, in order to do which we have only to find 
the hoat-equivalent of the work done, or else the work 
equivalent of the heat expended. Let us choose tho first 
course, and obtain the heat-equivalent of the work done by 
dividing the values just found by 772, the results are given 
in the sixth columii of tho same table (Table IVa), while 
the seventh column shows tbe differences needed for inter- 
polation. Now let us compare the result with the heat 
expended during evaporation, that is, with what we have 
previously called the latent heat of evaporatiou, aud given in 
the seventh column of Table Ila, and we are at once struck 
with the great difference which exists, the heat-equivalent 
of the work done forming but a small fraction of the heat 
expended. For example, take the temperature 293° : here 
the latent beat of evaporation is about 908 thermal units, 
and the heat-equivaleut of the work done is only 78 6 
thermal unite, or hardly one-twelfth. The principle of work 
tells us that the work done cannot have been produced out 
of nothing, but must have been done at the expense of an 
equivalent amount of heat which has disappeared, while the 
nnmerical values, just obtained, show that the heat thus 
disappearing is comparatively email, aud that the greater pait 
of the beat must have been employed in producing changes 
within the water itself. 
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We are thus introduced to a conception of great impor- 
tance, namely, the conception that work may be done, not 
only in raising weights or performing other visible operations 
in whicii the resistances overcome are manifest to our senses, 
but also in overcoming resistances caused by molecular forces 
invisible to us, if I may use the expression, and only 
manifest by their results. Thus, in the present example the 
diflTerence between 908 and 78 • 6 is 829 -4, which is the heat- 
equivalent of the work done in overcoming the molecular 
cohesion of the particles of water resisting its conversion 
into steam. Work done in this way is called 'internal 
work," because the changes considered take place within the 
body itself, whereas in contradistinction the work done in 
raising the piston is called '' external work," because the 
change considered takes place, not in the body itself, but in 
external bodies. 

The internal work done during evaporation at constant 
temperature obtained by subtraction, as in the example just 
given, will be found in foot pounds and thermal units in 
the second and fourth columns of Table I V6 ; it is always 
denoted in this work by the symbol p. The differences 
needful for interpolation are given in the third and fifth 
columns, and examination of their values shows a nearly 
constant result, hence the value of p is given with very con- 
siderable accuracy in foot pounds and thermal units by the 
formulsB exact at 212^ : 

p = 819,330 - 611 1 foot pounds, 
p = 1061-4 - -792 1 thermal units. 

The sixth column shows the proportion (k) which the 
internal work bears to the external work, and exhibits in a 
striking manner the magnitude of the internal forces with 
which we have to deal, for we see that the internal work is 
from nine to sixteen times as great as the external. 

9. We may with great advantage exhibit this graphically. 
In the figure (Fig. 2) O X is a line on which are measured 
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the Tolames occupied b; the steam and water dnriDg the 
process of evaporation, or, what is the same thing, the 
volumefl swept out by the piston as it rises, on which line 




we set off O A = 8 = '016 onbic foot, and B = « cnbic 
feet. Ijet the ordinat^e parallel to Y represent presBOf 
and draw a horizontal line C D, the ordinate A C of 
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represents the pressure P, with which the piston is loaded ; 
theo if we complete the rectangle A B, its area will repre- 
sent the external work done in raising the piston. Now to 
represent the internal work we have only to draw a corre- 
sponding rectangle below X on the same base A B : the 
height of this rectangle will be k P, in onicr ihat its area 
may be 4 times the area of the upper rectangle. Thus the 
internal work is represented as the work which would be 
done in overcoming a pressure ft P on the piston, an ideal 
pressure which may be called the pressure equivalent to the 
internal work, or, for brevity, " the internai-work-pressure," 
In practice pressures are always stated in lbs. per square 
inch, not lbs. per square foot, and the iuternal-work-pressure 
is consequently to be stated in like manner, as so many lbs. 
on the square inch. For example, take the temperature 
293", at which evaporation takes place under a pressure of 
60'45 lbs. per square inch: the molecular resistance to 
evaporation is equivalent to a pressure 1055 times as 
great, say to a pressure of 637 '75 lbs. per square inch of 
the piston area. The figure (Fig, 2) is drawn to scale for 
this case, except that O A, being only ■ 016 cubic foot, is for 
clearness set off on a much larger scale than OB, which 
represents 7 cubic feet, the volume of dry steam at the pres- 
sure 60'45 Iba. on the square inch. 

For any other pressure of evaporation, a corresponding 
internal- work- pressure exists, usually denoted by P, which 
may bo found from the tables already given by the method 
just indicated. But this pressure bemg frequently required, 
a special table has been calculated (by a different method) 
which give's it for any detiired pressure. In Table V. the 
internal-work- pressure is given in lbs. per square foot, and 
in lbs. per square inch for pressures ranging from 4 lbs, per 
square inch to 250 lbs, per square inch, together with the 
differences necessary for iuterpolation. 

Since the heat expended is * ■*£ the internal 
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work and the external work taken together, it appears that 
the heat expended may be represented as overcoming a 
pressure on the piston equal to {ft -f 1) P : in tlie mimerical 
example this pressure is 698-2 lbs. on the square inch; it 
may be called the pressure equivalent to the expenditure of 
beat, or, more briefly, the heat-pressure. The last column 
of the table (Table V.) shows the heat-pressure. In the fig^ure 
the heat expended is repre,^nted by the whole area C D' of 
the two rectangles. When quantities of heat are repre- 
sented by rectangles, the heiglita of which are pressures in 
lbs. per square inch and the bases volumes in cubic feet, 
the numerical value of the area is to be multiplied by 144, 
to express the quantity of heat in foot pounds, or divided by 

^T^ , that is to say, 5 30 to express it in thermal units. 

Internal Work done during Rise of Temperalure, 
i Hitherto we have considered exclnsively the second 
I of the process, namely, that in which water at a given 
temperature is converted into steam of the same tempera- 
ture under the corresponding constant pressure ; but internal 
work is also d(jne during the first stage in which the tem- 
perature of the water is raised from some lower temperature 
to the temperature at wliioh evaporation commences. Tliis 
is sliown by the heat expended, which must be expended in 
prodncing molecular change of some kind ; the nature of 
which it is needless for us to inquire into. Strictly speaking, 
indeed, external work is also done, for the water expands as 
its temijeratnre rises and so raises the piston, but the amount 
of this is so small as to be quite insensible as compared with 
the heat expended, the value of which can be found in foot 
pounds or thermal units from Table II., as previously 
explained. Hence practically the whole lieat expended is 
employed in producing molecular change", or, as we express 
it, in doing internal work. (Comp. Art. 15.) Thus, in the 
nnmerical example given above, in which the steam is form« 
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at 60*45 lbs. per square inch, the heat required to raise the 

water from 32° to 293° is 263 4 thermal units, or 203,300 

foot pounds, all of which is spent in internal changes. 

The proportion which the internal work so done bears to 

the external work done during evaporation is obviously got 

by dividing one by the other : thus, in the example, the 

ratio is 

^68-4 

and hence we may represent this internal work also as 
equivalent to raising the piston through its whole height 
against a pressure equal to Ti times the actual piston load. 
In the example this pressure is 3 * 351 x 60 * 45, or 202 * 57 lbs. 
on the square inch. 

To treat the question graphically, we have only to prolong 
BD' (Fig. 2) to D", making IXD" equal to 202-57, and 
complete the rectangle A' D", then the area of that rectangle 
represents the internal work done during the rise of tem- 
perature of the water from 32°. 

The height of the rectangle may, however, conveniently 
be found thus, without the calculation of Id, for any initial 
temperature of the water. The heat requisite to raise 
a lb. of water from ^o to ^i is Ai — Aq, calculated as pre- 
viously explained, but may usually be taken as ^i — fo ther- 
mal units. Let F be the corresponding pressure in lbs. per 
square foot, which would do an equivalent amount of work 
upon the piston, then 

P'.(t,-5) = (/j-f,)772; 

or lip' be the same pressure in lbs. per square inch, 

In Fig. 3 set off A B = 5 • 36 cubic feet and A F equal to 
ti — Iq reckoned as lbs. per square inch, and complete the 
rectangle B F. Now set off A C = v - s cubic feet, complete 
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the rectangle A E, and join AE ; further complete the rect- 
angle AD by drawing a parallel through G, then the 
rectangles B F and A D are equal ; therefore C D represents 
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jj', the required pressure. This construction will be found of 
great use in the graphic treatment of questions relating to 
the theory of the steam engine, as will be seen hereafter 
when we consider the expansion of steam. 

Total Internal Work. 

11. The total amount of internal work done is of course 
obtained by adding the two results together : hence * 

Internal Work = A + p = A + L — P(c — «) 
= H-P(t>-«); 

thus in the numerical example for steam at 293^ the in- 
ternal work done during the rise of temperature is 263*4 
thermal units, and during evaporation 829*3 thermal 
units; hence the whole amount of internal work done 

D 
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turning water at 32° into steam at 293° is 1092 * 7 thermal 
units, a result which may also be obtained by subtracting 
the heat-equivalent of the external work (78*6) from the 
total heat of evaporation (1171 '3). Table IVe shows the 
results of this simple calculation for the same range of tem- 
perature as in the previous tables : these results are given in 
foot pounds and thermal units, together with the differences, 
which facilitate interpolation and serve other purposes. 

These results show that the whole heat expended in 
internal changes increases with the temperature, though at 
a rate which is still slower than that o( the total heat of 
evaporation. 

Partial Evaporation, 

12. In the three preceding sections it has been supposed 
that the evaporation is complete, so that the result of the 
o|H^ratiou is dry saturated steam. Let us now imagine the 
ova|H>ration stopj^ed when x lbs. of water have been evapo- 
nUinl* a8 in Art. i\ Chapter I. 

Ill tlii» iHu*o tlie 8|>eoifio vohime is 

Vk\\\\ l\V I'lHWHmittg wmilar to that in Art. 8, it is clear that 

Rttvniiil Work = P (V - 5) 

k\\S\^ \\\^^ i^ntoiiuil work done is simply ;r times what it would 
\\^\\^ U^^W l^nd tho ovaimration boon cH)mplete. The heat 
\<\kvv^v^\U^l iluving ova|H>ration is ele*\rly x L, and therefore 
^^y^ \\\^ HHUio |m))HU*tion to the t^xtorual work as if the 
VV^^K^VhMwh \m\ hmvk complete : iu the siime way the 
i(dovw^\ V^v^k will Ih) f>a) during eva)X)ratiou, but will be h, 
M'» t'^iuivs vUving the riie of toniptNmtuiv. Thus the whole 
•uuuuMi, ^4 luUuu^l wiu*k ii givou by 

Uv wa km^ i^\^wm v*ur rtJ^iuU ' 'ns of the internal- 
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work-pressure P = it P, for just as the external work is 
P (V — S), so we shall have during evaporation 

Internal Work = P(V - «); 
.*. Total Internal Work =h + P (V - «)• 

In graphically representing the process of evaporation, the 
rectangle representing the internal work during evaporation 
will be of the same height as before, but described on the 
base V instead of the base v ; while the rectangle which 
refers to the rise of temperature is not of the same height, 
but of the same area as before : it is constructed as in the 
last article, except that the base is Y instead of v. 

In the figure (Fig. 2, Art. 9) the construction is shown 
supposing the volume V three-fourths that of dry steam at 
the same pressure. 

Formation of Steam in a Closed Vessel. 

13. We have now thoroughly considered the whole process 
of evaporation, when condncted in a cylinder beneath a 
loaded piston, which rises as the evaporation proceeds, and 
we proceed to a different case, by supposing that the evapora- 
tion takes place not beneath a rising piston, but in a closed 
vessel of given capacity. 

Let a lb. of water at the temperature 32° be plsiced in a 
closed vessel of known capacity, and let heat be gradually 
applied, then the temperature of the water will gradually 
rise as before, but instead of the formation of steam com- 
mencing at some definite temperature, as in the previous 
case, steam will be formed at once, and the pressure will 
keep rising as more and more steon^ is formed. The pres- 
sure is still connected with the temperature by the same 
invariable law as before, but the evaporation now takes 
place at a gradually rising temperature, instead of a certam 
fixed temperature. If sufficient heat be applied, every dp 
of the water will at length be evaporated, and we shall h 

D 2 
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nothing but steam : the presBiire of that steam will depend 
on the Yolume of the yessel, which must be sapposed large 
to avoid excessiye pressure. The magnitude of the pressure 
is found by reference to the table of density (Table UL) : 
thus, for instance, suppose that the volume of the vessel is 
4 cubic feety then the lb. of dry saturated steam occupies 
4 cubic feet, therefore its pressure must be that correspond- 
ing to a yolume of 4 cubic feet, which a reference to the 
table shows to be almost exactly 110 lbs. on the square inch. 
On reference to the temperature table (Table la) the corre- 
sponding temperature is found to be about 334^% which is 
the temperature to which the vessel has risen when every 
drop of the water is evaporated. If the application of heat 
be still continued, the steam will become superheated ; we, 
however, suppose it stopped before this takes place, and the 
question proposed for consideration is to find how much heat 
is spent in evaporating the water under these circumstances. 

Now the essential difference between the two cases is, that 
in the first case, work is done by raising the loaded pistoii; 
while, in the second case, no work is done, and hence, in the 
first case, we have done two things instead of one ; not only 
has the water been evaporated, but a certain amount of work 
has been done on external bodies: this amount of work 
cannot have been produced out of nothing, but must have 
been obtained at the expense of the energy applied to the 
water in the shape of heat. Hence, unless some difference 
be imagined in the amount of heat requisite to produce 
internal changes, we shall be obliged to conclude that the 
heat expended in the second case is less than the heat ex- 
pended in the first case by the exact amount of the heat- 
equivalent of the external work, which is done in the first 
case, and is not done in the second. There is, however, no 
reason to believe that any such difference can exist ; the 
steam produced is the same in both cases, and the water 
from which the steam is formed is likewise the same, and 
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ooDseqaently the amount of interoal change most be pre> 
cisely the same, and we are eatitled to conclude that when 
water is evaporated in a close<l yessel, the heat expended is 
the same as that expended in internal work, when the water 
is evaporated beneath a loaded piston. It ie therefore given 
by the table of internal work just calculated (Table IVc). 

The reader will now understand why, in defining tho total 
heat of evaporation, it is necessary to specify that the 
evaporation is sapposed conducted at a Sxed temperature, 
and why it was necessary to examine the method in which 
Kegnault carried out his experiments to see if the prescribed 
condition was satisfied. If that condition be not satisfied, it 
will be necessary, in order to find the heat expended in the 
production of steam, to consider how much external work 
has been done during its formation, and to add its beat- 
equivalent to the heat just found to be necessary to produce 
the steam itsolf. In fact, whenever external work is done 
in the formation of steam, heat flows ont of the steam under 
the form of mechauical energy, just as really as when it 
escapes in the form of heat by the process called radiation. 

Similarly when steam is condensed, the heat which it 
gives ont ie not always the same, but depends upon the 
cinmmstances under which the steam is condensed : if it be 
condensed under constant pressure, the heat given out will 
be what ne have previously defined as the total heat of 
evaporation, and will include not only the energy given out 
by the steam during ita contraction into water, but likewise 
the mechanical energy exerted by the pressure of the piston, 
which will appear in the form of heat in the condenser. 
But if it be condensed under any other circumstances, the 
heat given out will be different, because a different amount 
of energy will be supplied from external sources. In the 
next chapter we shall have ample illustrations of this in the 
working of a steam engine. 
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Internal Work in Oenerdl. 

14. As in the case of steam, so in the most general case 
of the action of heat on any body whatever: we must 
always separate the external and yisible work, done on ex- 
ternal bodies, from the internal and invisible work, done in 
changing the state of the body. The second part, which we 
call the internal work, depends upon the cbange of state 
alone, and not upon the way in which the change of state is 
produced, while the first part represents energy, which has 
passed out of the heated body into external bodies, and may 
have any value according to the way in which the change is 
accomplished. The heat expended is the sum of these two 
amounts of work, as expressed by the equation : 

Heat Expended = Intemal Work + External Work ; 

which is the general statement of the principle of work as 
applied to such cases. 

In the case of a heat engine it frequently happens, that 
the change considered is of such a kind that heat is added 
to the steam or other fluid during one part of the process, 
and taken away during another part : the heat added is then 
usually called the "heat expended," and the heat taken 
away, the "heat rejected," and the statement of the prin- 
ciple takes the form : 

Heat Expended = Intemal Work + External Work + Heat Rejected. 

If, moreover, the change considered be such that the steam 
or other fluid, after going through any number of inter- 
mediate changes, finally returns to its original state, then 
the internal work done is evidently zero, and we write 
simply : 

Heat Expended = External Work + Heat Rejected. 

Thus, for example, in the steam engine, if the feed water be 
taken from the condenser, forced by the feed pump into the 
boiler, there evaporated, and finally, after passing through 
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the cylinder, be retttmed to the condenser in the shape of 
water of the same temperature as before, the internal work 
done in the whole operation, is zero, and we shall have : 

Heat Expended = Useful Work done + Heat Rejected into the condensation 

water. 

A change of this latter kind is called a ^ cycle of opera- 
tions," or a " circular process," because the fluid goes through 
a cycle of changes, returning to its original state. The con- 
ception of a cycle of operations is due to Camot, and was 
an important step towards the true theory of heat engines. 
Whenever, from deficiency of experimental information, we 
have no means of telling directly or indirectly the work 
spent in internal changes, we are obliged to resort to a cycle 
of operations as being the only case in which we can find the 
relation between heat expended and work done. In the c€^e 
of saturated steam and permanent gases, the internal work 
is known with tolerable certainty, and we are not obliged to 
confine ourselves to the consideration of cycles of operation ; 
but when superheated steam, for instance, is in question, we 
cannot reason with certainty except in this way, because our 
experimental knowledge of superheated steam is still very 
scanty, so that we have no means of knowing with certainty 
the work done in internal changea 

Thus, in a steam engine, it will sometimes happen that 
the condensed steam is not at the same temperature as the 
feed water from which it was originally produced; then 
the original state of the steam was water of temperature 
ti say, and its final state is water of temperature tz, so that 
the internal work done, in changing from the original state 
to the final state is not zero but ^ — ^i thermal units, whence 
we see that the principle of work takes the form : 

Heat Expended = f, — <| + External Work + Heat Bejected ; 

the external work being expressed by its heat-equivalent in 
thermal units. For an example the reader is referred to the 
discussion of Mr. Donkin's experiments in Chapter XL 
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15. When the temperatiiTe of a body remains constant 
during the application of heat^ that heat is said to be 
*' latent" So long as heat was supposed to be a material 
substance, such an expression as the ^ latent heat of steam " 
was strictly appropriate ; but, if used now, it must be dis- 
tinctly understood that a part of the heat is latent, not in 
the steam, but in external bodies in the form of mechanical 
energy. In this work the term will only be used in the 
phrase ^' latent heat of evaporation,'' which has the well- 
understood conventional meaning defined in Art 4. 

In contradistinction to ** latent,** the word *' sensible ** was 
formerly applied to heat which is effective in raising the 
temperature of the heated body: while the sum of the 
'' sensible" and the ^Matent" heat was the Mai heat It is 
now advisable to employ the expression ''total heat" to 
signify the sum of the quantities of heat expended in internal 
and external work respectively ; and when steam is formed 
in any way I shall call the whole heat expended its total 
HEAT OF FOBMATION, while the phraso ''total heat of 
evaporation" will always be used, in accordance with the 
definition already given, for the particular case in which 
the steam is formed under constant pressure. 

The expression "internal work" has been employed 
throughout to signify energy expended in internal changes 
without any distinction between different kinds of intenial 
change. Writers on thermodynamics, however, often dis- 
tinguish between internal changes consequent on change of 
temperature and internal changes consequent on change of 
molecular position, and confine the term " internal work " to 
the latter kind of changes only. It seems better, however, 
to use the term in a sense capable of exact explanation, 
without any hypothesis as to the nature of the cheoiges con- 
sidered. The whole of the reasoning in this chapter depends 
solely on the principle that heat and mechanical energy are 
merely different forms of the same thing, and are, therefore, 
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completely interchangeable. No hypothesis is involved as 
to the ultimate nature of heat or the constitution of matter. 
Another very expressiye term was introduced by Bankine, 
which is directly applicable to the case in which a heated 
body is a source of energy. Every such body possesses, in 
virtue of the heat which has been applied to it, a store of 
energy which is precisely equal to the internal work done 
during the heating, and which consequently depends upon 
the state of the heated body alone, and not upon the circum- 
stances under which the body was heated, or upon its 
relation to external bodies. This store of energy is there- 
fore called the intrinsic energy of the body, and when the 
body returns to its original state it is always given out 
either wholly as heat, or partly as heat and partly as ex- 
ternal work done upon a piston during expansion. Thus, 
intrinsic energy and internal work are the same, differing 
only in sign. For example, the total internal work done in 
producing dry saturated steam from water at 32° (given in 
Table Vfe) may likewise be considered as the intrinsic 
energy of that steam. I shall occasionally use this term 
hereafter, but '^ internal " energy may also conveniently be 
used in the same sense. 
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CHAPTER m. 

THEORY OF THE STEAM ENGINE (PBELIMINABT). 

16. The principle of work is not^ by itself, sufficient to 
answer many of the most important questions which arise 
respecting the operation of heat engines ; but I shall never- 
theless go on at once to consider such parts of the theory of 
the steam engine as can be conveniently treated here, 
reserving other parte, which are complex, or which require 
the application of a second equally important principle, till ft 
later period. 

In studying a difficult problem of any kind it is necessary 
to commence with the most simple cases, and pass gradually 
on to the more complex, in order that we may be enabled 
to deal with* the difficulties of the subject one at a time. 
These simple cases are ideal, being formed by abstracting, 
from cases actually occurring, a number of disturbing causes 
which complicate the problem in practice. When once such 
cases are thoroughly understood, it is comparatively easy to 
estimate the effect of each disturbing cause separately in 
modifying the result of the preliminary investigation. 

In dealing with the steam engine then, I, in the firet 
instance, make certain suppositions, never exactly, and some- 
times not nearly, realized in practice, as follows : 

(1) In the first place, the supply of steam is supposed 
uniform, which cannot be the case in practice on account of 
the varying speed with which the piston moves. At the 
beginning and end of the stroke no steam passes from the 
boiler to the cylinder, and in expansive engines this stoppage 
lasts during a considerable par^ ^^ the stroke : hence the 
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eyaporation is necessaiilT irregular, and tiiat the more so, the 
greater the expansion and the smaller the steam vpmoe in 
the boiler as compared with the capacity of the cylinder. 
No attempt has yet been made to estimate qnantitatiTely 
the effect of irr^;alar ebnlliticxiy but thoe is no reason to 
think it important, except as a canse of the |nodoction ot 
moist steam. 

(2) The effect of clearance is n^lected and also that ol 
wire drawing during the passage from the boiler to the 
cylinder. Both these disturbing causes always exist and 
exert considerable influence on the wortdng of the ^igine : 
they will consequently be considered hereafier. 

(3) The exhaust is supposed to open suddenly, exactly at 
the end of the stroke, and the mean ralue of the ^ back 
pressure" always existing behind the fisUm is suppoeed 
given. In practice some lead is usually given to the exhaust, 
and the back pressure depends on rarious complicated eir- 
cumstances not yet reduced to a complete theory. 

(4) The action of the sides of the cylinder is either 
neglected altogether, or some simple supposition is made 
respecting it. In practice this action has a moet important 
prejudicial influence, and hence wiU form hereafier the 
subject of a special chapter. 

Subject to these observations, I proceed to discuss various 
cases, commencing with the simplest 

Non-exparuive Enffine$. 

17. When the steam port is open throughout the stroke 
the engine works without expansion, the pressure remaining 
constantly that of the boiler (Art. 15, [2]). In this case 
the process of evaporation is the same as in the simple case 
of cylinder and piston considered in the two preceding 
chapters ; the only difference being that the eraporation of 
the water takes place in a boiler connected with the cyVimler 
by a pipe instead of in the cylinder itself, and that the piston, 
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instead of moying continuonsly in one direction, moves 
backwards and forwards. Neither of these circnmstanoes 
has any influence on the heat expended on, or the energy 
exerted by, each pound of steam, which are accordingly 
given by the preceding rules. 

The energy exerted in driving the piston is, however, 
somewhat greater, as is seen thus. Let x be the length in 
feet described by the piston in a given time, say 1', A the 
area of the piston in square feet, then A a; is the volume swept 
through by the piston per 1' in cubic feet. If P be the 
pressure in lbs. per square feet, P A a; will be the work done 
per 1', and supposing the engine uses N lb. of steam per 1', 
the volume of each of which is v, 

m 

K9 = Ax, 

since for each cubic foot swept through by the piston a 
cubic foot of steam must pass from the boiler to the cylinder. 
Thus the work done per lb. of steam in driving the piston is 
P v instead of P (v — 8) which is the true value of the energy 
exerted by 1 lb. of steam during evaporation. The reason 
of this is that part of the energy exerted in driving the 
piston is obtained by the action of the feed pump, which for 
each lb. of steam used forces 1 lb. of water into the boiler^ 
and, in doing so, does an amount of work represented by P s. 
Thus the true energy exerted by 1 lb. of steam is the differ- 
ence between the energy exerted in driving the steam piston 
and the piston of the feed pump. This distinction, though 
theoretically interesting, is unimportant in practice, so far as 
the steam engine is concerned, on account of the smallness of 
0, as compaffed with v, in consequence of which, except at 
very high pressures, P v is sensibly equal to P (v — 8)'a8 is 
shown in Table IVa by the values of these quantities there 
given. 

The energy exerted in driving the steam piston is, how- 
jBver, by no means the same as the useful work done by the 
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engine ; this is always less, and often much less, on account 
of " back pressure." Back pressure consiBte of three parts ; 
(1), the pressure corresponding to the temperature of the 
condenser, or the preasare of the atmosphere if there be no 
condenser; (2), the pressure of the air always contained in 
the water of the condenser or present through leakage ; 
(3), the difference of pressure between the cylinder and 
condenser. The first may be taken on the average as 1 lb. 
per square inch where there is a condenser, and 14 "7 where 
there is none; the other two depend on the speed of the 
piston, the state of the steam, the size of the ports, and other 
circumstances, but are probably seldom less than 1 or (under 
normal circumstances) more than say 3 lbs. on the square 
inch. Thus for non-condensing engines the back pressure 
may range from 16 to 18 lbs. on the square inch, and for con- 
densing engines from 2 to 4 lbs, on the square inch, but 
these values may be much increased by improper construc- 
tion and management. 

Let now P> be the back pressure, then the effective pres- 
sure is P — P., and the useful work done per lb. of et«ani ia 
(P — Pi) V, which is less than if there were no back pressure in 
the proportion P — Pt : P, a fraction which is at most "9 in 
non-condensing engines and "95 in condensing engines. The 
annexed table gives the effective work of 1 Ih. of steam in an 
engine working without expansion at various boiler pressures. 
The results are given in thermal units and foot pounds in 
columns 2 and 3, while the fourth column shows the number 
of pounds of steam required per indicated horse-power per 
hour, which is readily obtained by dividing 1,980,000 by the 
work done by 1 lb. of steam. 

The expenditure of heat per lb. of sfeam is simply the 
total heat of evaporation from the temperature of the feed 
water at the tempernturo of the boiler ; it is given in column 
5 in thermal units, while column G shows the heat ex- 
pended, in thermal units per indicated horse-power per I'.A 
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mode of stating the expenditure of he&t, which is often con- 
venient; the circumstances chosen are described in the 

table. 

Pebforkakob of a Non-expamsiyb Ehgihe. 





Fnman 

(abeolute) 

lbs. per 

square 

Indi. 


Effective work 
per lb. 


Lbe. 

steam 

per I.H P. 

per hour. 


Heat ezpenaed 
In thermal units. 




Remarks. 


Thermal 
units. 


Joot 
pouDds. 


Per lb. 

of 
Steam. 


Per 
T.H.P. 
perl'. 


ED- 
dencj. 


Non-condensing, / 
back pressure 1 
16 lbs. / 

Feed heated to | 
212°. V 

Condensing, back ( 
pressure 2 lbs. J 

Feed taken from ( 
condenser at 1 

104°. y 


160 
80 
55 
60 
30 
20 


74-8 

64- 

55-6 

76^2 

70- 1 

66-2 


57,700 
49,400 
42,900 
58,800 
57,100 
51,100 


34-3 
401 
462 
33-7 
36*6 
38-8 


1012 
996 
989 
1099 
1086 
1079 


578 
668 
763 
620 
668 
701 


•074 
•064 
•056 
•069 
•064 
•061 



The ratio which the useful work done bears to the heat 
expended is called the efficiency of the steam, and is given 
in the last column of the table, from which it appears that 
only from 5^ to 7^ per cent, of the heat expended is con- 
verted into useful work, the remainder being dissipated in 
the atmosphere or condenser. Yet the performance indi- 
cated is better than will actually be realized in practice, on 
account of the disturbing causes mentioned above, which 
always have a more or less prejudicial influence, though 
to a less extent, in the present case, than in cases where 
the engine works at a high rate of expansion. 

18. Since the useM work amounts to from 5^ to 7^ per 
cent, the remainder of the heat expended is from 94^ to 
92i per cent, of the whole. This remainder is conveniently 
called the "heat rejected," and appears in the condenser, 
where there is one, in the form of heat When an injection 
condenser is used, this heat is employed in raising the 
temperature of the injection water up to the temperature of 
the condenser. Let be the n* '^^ temperature, n the 
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number of pounds of injection water per lb. of steam, then 
each n pounds of that water abstracts from 1 lb. of steam n 
thermal units nearly, whence 

Heat rejected 
n = J , 

which determines the amount of condensation water per lb. 
of steam, from which it is easy to deduce the amount per 
indicated horse-power per hour. The annexed table shows 
the result of such a calculation for the same pressures as 
before, assuming a rise of temperature of 40°. 





CONDBNSATION WaTSB. 




Pressaro 


Heat rejected. 


Lbs. of condensation 
water. 


(absolute) 
p. 


Tb. units 
per lb. 


Th. units 

per I.H.P. 

per 1'. 


Per lb. of 
steam. 


Per I.H.P. 
perl'. 


60 
80 
20 


1023 
1016 
1013 


577 
625 
658 


25*6 
25-4 
25-3 


14-4 
15-6 
16-4 



It is here supposed that the feed water is (as usual) taken 
from the condenser, which, in the numerical calculations, 
was supposed, as before, to be at the temperature 104° ; if 
this be not the case, let A ^ be the difference of temperature, 
then A< must be subtracted from the heat rejected, when 
the temperature of the feed is lower than that of the con- 
denser, and added if it be higher, as will be seen on referring 
to Art. 14. Again, when a surface condenser is used, the 
temperature of the condensiug steam is higher than that of 
the condensation water, and unless the feed be taken from 
the condensed steam a correction will, strictly speaking, be 
necessary. Minute accuracy here, however, is only useful 
for the sake of practice in reasoning correctly on these 
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questions, since, in practice, ample margin must be allowed 
for leakage and contingencies. 

Measurement of the quantity of heat given out in the 
condensation water of an engine furnishes an excellent test, 
which has of late been practically introduced, of its efficiency. 
I shall return to this in a later chapter ; for the present it 
is sufficient to say that the difference between the heat 
expended, and the work done as shown by the indicator, a 
quantity which I have here called the heat rejected, and 
tabulated in the table last given, is nearly the same as the 
heat discharged from the condenser, differing from it only 
on account of piston friction and radiation, and the difference 
of temperature (if any) of the feed water from that of the 
water entermg the condenser. (See Chapter XI.) 

The si^e of cylinder required for a given power is ex- 
pressed by the number of cubic feet which the piston must 
sweep through per 1' for each indicated horse-power : this is 
easily obtained from the consumption of steam per hour, or 
directly by the formula 

83000 229 

varying inversely as the effective pressure of the steam. 
The actual dimensions of the cylinder will then be fixed by 
the piston speed and the stroke. The capacity of the feed 
pump (when single-acting) will be to the capacity of the 
cylinder in the proportion which unity bears to half the 
relative volume of steam at the boiler pressure, but allow- 
ance of course has to be made for leakage and contingencies. 
20. The calculations made in Arts. 17, 18, pre-suppose 
that the boiler supplies dry steam ; if this be not the case, 
then the total heat of evaporation, and the useful work 
done, must be calculated according to the method explained 
in Arts. 6 and 12. The general effect is that both the work 
done, and the heat expended, per lb. of steam, will be 
diminished, bat the former in a greater proportion than the 
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latter; hence the number of pounds of steam per indicated 
horse-power per hour is increased, and the efiSciency di- 
minished, but the diminution of efficiency is but small, being 
occasioned solely by the fact that all the feed water must be 
raised up to the temperature of the boiler, though only 
part of it is afterwards eyaporated. If, however, liquefaction 
take place after admission to the cylinder, then the work is 
diminished, while the heat expended remains unaltered, and 
the efficiency is diminished in precise proportion to the 
liquefaction. 

Work done during Expdnsion. 

21. The calculations just made respecting the performance 
of an engine working without expansion show that some 
40 lbs. of steam will be required per indicated horse-power 
per hour, and that in the most favourable circumstances 
hardly 7 per cent, of the heat expended will be utilized. 
An additional amount of work may, however, be obtained 
without increttsing the heat expended in the same propor- 
tion, by cutting off the steam when a certain part of the 
stroke has been performed, and allowing it to expand, thus 
obtaining from each pound of the steam energy which would 
otherwise be uselessly dissipated in the condenser. 

In the figure (Fig. 4) O X is a line on which are set off the 
volumes of the whole amount of steam shut up in the 
cylinder, the corresponding ordinates representing pressures 
w)iich in the first instance are supposed expressed in pounds 
per square foot. O A represents the volume, and P A the 
pressure at the beginning of the expansion, that is to say, 
at the instant when the steam is cut off; while O B, B Q 
represent the same quantities at the end of the stroke. 
The cut-off is supposed instantaneous, and the pressure then 
falls regularly from P to Q ; the ratio B : A is the 
ratio of expansion. At any intermediate point of the stroke 
the volume and pressure will have intermediate values O N, 
N S : the point S lying on the expansion curve P S O. a 

B 
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curve which is the same as that drawn by the pencil of a 
good ordinary indicator, when properly set, because the 
volumes of the steam are proportional to the spaces tra- 
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versed by the piston. It has already been shown that, if 
the pressure be constant, the work done in driving a piston 
is P V, where V is the volume swept out by the piston 
(Art. 17) : take now two points N N' very near together, 
then N N' is the increase of volume of the steam, that is, the 
volume swept through by the piston as it advances through 
a small space, and therefore P. N N' is the work done if P be 
supposed constant But P may be made as nearly constant 
as we please by sufficiently diminishing N N', and hence the 
area of the strip S N' represents the work done during the 
small advance of the piston considered. Whence, dividing 
the whole area into similar strips, it appears that that 
area represents the whole work done, during the expansion, 
by the whole mass of steam shut up in the cylinder. By 
similar reasoning the rectangle A K represents the work 
done during admission, and the whole area E P Q 6 O eon- 
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sequently represents the total work done by the steam during 
admission and expansion. 

The work done in driving a piston is usually and very 
conveniently expressed by finding the mean pressure of the 
steam, that is, the pressure which, if it remained constant 
throughout the stroke, would do the same amount of work as 
actually is done. In the figure set up B Z so that 

Beotangle OZ = AreaORPQB, 

then B Z is the mean pressure required ; it is usually denoted 
by P^ or pmf according as it is given in pounds per square 
foot, or pounds per square inch, and called the " mean 
forward pressure," to distinguish it from the "mean effective 
pressure," P^ — Pk, found by subtracting the mean back 
pressure P^. If the horse-power of the engine be calculated, 
by use of the mean forward pressure instead of the mean 
efiective pressure, the result is what is sometimes called the 
total horse-power qf the engine, as distinguished from the 
indicated horse-power. 

22. The reasoning of the last article is supposed to be 
already familiar to every reader of this work, and is here 
repeated for the sake of pointing out that the question 
is one of pure mechanics, and not at all respecting the 
nature of the fluid employed, or the circumstances of the 
expansion. The result of the calculation depends solely on 
the form of the curve, and the total volume of the cylinder 
in which the expansion takes place. 

When, however, we wish to discuss questions relating to 
efficiency by comparing work done with heat expended, it is 
indispensably necessary to know directly or indirectly not 
merely the work done by a given volume of the fluid, but 
the work done by a given weight, for simplicity 1 lb. For 
this purpose let N be the number of lbs. weight of steam 
contained in the cylinder : then the work done by 1 lb. will 

be 5^th the total amount, and the volume occupied by 1 " 

E 2 
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will be ^th the total volume : hence if N bo known, a siraole 

ftUeration of the scale on which Tolumes are measured will 
oaueo the diagram to reijresent the relation between volume 
and pressure, and the work done by 1 lb. of steam. It only 
remains to determine N, and that is to be done either by 
direct measurement of the consumption of steam by the 
engine, or by an independent knowledge of the state of the 
steam at some one point of the stroke. Suppose, for instance, 
that we know that, at the end of the stroke, the steam 
contains a given percentage of suspended moisture, then by 
Art. G the volume of 1 lb. of that steam can bo calculated, 
and if the result be compared with the total volume of the 
cylinder, the value of N will manifestly be determined. 

For the purposes of this preliminary investigation it will 
be supposed. In the first instance, that the steam is dry at the 
end of the stroke, a condition which ought always to be 
aimed at, for reasons which will afterwards appear, but 
which cannot generally be realized in practice, especially at 
high rates of expansion. The value of N is then found by 
dividing the whole volume of the cylinder by the specific 
volume (tf) of dry steam at the known terminal pressure ; 
and we may now take the diagram as representing the 
changes of volume and pressure of, and the work done by, 
1 lb. of steam. In the second place, it will be supposed 
that the steam contains a given percentage of moisture at 
the end of the stroke, determined by consideratioas to be 
explained presently. The sole effect of this is to alter the 
scale on which volumes are measured, so that when the 
diagram represents 1 lb. of steam, it is smaller in the pro- 
portion X : 1 where x is the weight of pure steam in 1 lb. 
of the actual steam. The area of the diagram, and conse- 
quently the work done per lb. of steam, is then diminished 
in the same proportion. ExperioQce tells us that the espan- 
sion curve does not differ wid' •mon rectangular 

hyjierbola, the product o' • volume re- 
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maining nearly constant. Tliia implies (Art 55) that the steam 
is initially moist and becomes drier aud drier as it expands, an 
effect due mainly to the action of the sides of the cylinder, 
which condenses on its relatively cold surface a part of the 
steam admitted, which then forms a film of moisture ou the 
sides of the cylinder, afterwards re-evaporated during the 
expansion. Without here entering on this question, I shall 
suppose that the curve is a common hyperbola, and leave 
other cases to be discussed in a later chapter. 

23. In the common hyperbola P Q (Fig. 4) the rectangles 
O P, O Q are equal, while the area P Q B A is found by 
multiplying either rectangle by log. ,r, where r is the ratio 
of expansion O B -j- O A, and the logarithm is of the kind 
called hyperbolic, from this very property of the hyperbola, 
found either by multiplying the common logarithm by 
2 '3026, or by a special table such as is given at the end of 
this book. Hence, taking first the case of dry steam, since 
OB is now V,, the volume of dry eteam at tlte known 
terminal pressure ft, the area of the whole figure, or the 
energy exerted by each pound of steam, in driving the 
piston is 



Energy Eiertod = P, », 1 1 + log. , 



(1) 



The effective work is of course somewhat less, being found 
by subtracting from the foregoing result tlie quantity 1\ v-,, 
where Pi is as before the back pressure, and consequently, 



ESectico Work = P, e, 



I + .*.'- J 



Secondly, if the steam be moist at the end of the stroke, 
let 1 — fl!, bo the weight of moisture in I lb. of the steam, as 
in Art. 6, then by that Art,, neglecting a (="016) tie 
specific volume isziv,, and hence the energy exerted on the 
piston is 

Energy Eicrted = P,i,P,(l + log., r), (3) 

while the effective work becomes 

Eirwtivc Wurk = P, i, .■, . 1 1 + log-. r - ^ 1 
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The greater the expansion, other things being eqnal, the 
greater the amount of work done by the steam, nntil it is 
carried so far, that the terminal pressure has Mien to the 
back pressure ; in that ease the expansion may be said to 
be complete. The effeotive .work done per lb. in complete ex- 
pansion 18 evidently P2 fl^ t^a» log.«f where m^ is unity when 
the steam is dry. In practice^ the prejudicial action of the 
sides of the cylinder, and other causes, render a moderate 
amount of expansion preferable, as will be seen hereafter. 

The mean forwanl pressure in hyperbolic expansion is 
given (whatever be the state of the steam) by the formula 

Pm ~ Pi » 

r 

where Pi = rpiis the initial pressure. 

ExpendUure of Heat in an Expannve Engine. 

24. The heat expended in an engine is, of course, all 
primarily employed in the evaporation of water in the boiler, 
but it is nevertheless not all used in the same way. When 
a steam jacket is used a part of the steam is condensed in 
the jacket, and the steam so used represents heat expended, 
although none of it passes through the engine and does 
work. Again, without anticipating what will be said in a 
subsequent chapter respecting the action of the sides of the 
cylinder, it is clear that heat will be transmitted to the 
exhaust steam as it leaves the cylinder, and tliat heat will 
be radiated continually to external bodies by the hot 
cylinder. Of these two causes of loss of heat the last is 
comparatively unimportant, when the cylinder is well clothed ; 
but the first being chiefly due to evaporation of a film of 
moisture deposited on the internal surface of the cylinder, 
is frequently great. I shall therefore call the loss of heat 
occasioned in these ways the " exhaust waste." 

The cylinder, then, is continually being cooled by the 
exhaust waste, and heated by the steam iacket, if there is one ; 
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1 Bsd the difference between tho two must neceaanrily be sub- 
tractod or added to the steam, during its passage from the 
boiler to the end of the stroke, according us the exhaust 
waste, or the supply of heat by the jacket, is the greater. 
Hence it is not sufficient to consider the beat expended on 
the working steam during evaporation in the boiler, but we 
must also consider the heat added or subtracted from that 
steam during its passage from the boiler to the end of the 
stroke. Now if tho state of the steam at tlie end of the 
stroke be known, it will be possible to find the heat so added 
or subtracted, and thus the heat supplied by the jacket over 
and above the exhaust waste will be known ; and, conversely, 
if the heat added or subtracted be known, it will be possible 
to find the state of the steam at the end of the stroke. 

25. In the first place, suppose that the steam is dry at the 
end of the stroke; then if that steam were formed in a 
boiler by evaporation at constant pressure the heat espended 
would be simply the total heat of evaporation (as defined lu 
Chapter 1.) from tho temperature of the feed water al the 
temperature corresjwnding to the given pressure. The 
external work then done would be PjVj, and the heat- 
equivalent of that work is included in the total heat of 
evaporation. 

Bnt now the steam is formed in a much more complicated 
way. It ia evaporated in the boiler at a much higher pressure 
than that at which we find it at the cud of the stroke ; it 
passes from tho boiler to the cylinder and expands, while, as 
it does so, heat is added or subtracted. During thi^ process 
external work is done by it, in driving the piston, represented 
by Pj v-t, tho beat-equivalent of which must form part of its 
total beat of formation. Hence (comp. Art. 13) its actual 
total heat of formation must bo greater than tlie total heat 
of evaporation at Tj by the heat-equivalent of the differ- 
ence between P„ v^ and P^ v^. We must therefore have 
Total nc*t of Fcmnalion = H, - *, + (P. - P,) r, , 
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where H^ — Aq i8> as in Chapter L, the total heat of eyaporar 
lion of water from i^iA t% and (P« — P,) v^ is expressed in 
thermal units. Or if Q be the total heat of formation. 



Q = H,-A. + (j-l)p,ir,. 



where P2 v^ is given in thermal units by Table lYo. 

The same results may be reached by comparing this case 
with the case of a non-expansiye engine, working with the 
same terminal pressure, when it will be seen that, although the 
circumstances under which the steam is formed are different^ 
the circumstances under which it is condensed are identicaL 
To fix our ideas, imagine an engine working at 60 lbs. pres- 
sure (absolute), and cutting off at one-tenth, aBsuming the 
common law of expansion, the terminal pressure is 6 lbs. per 
square inch, and the steam is dry by hypothesis, therefore, 
the cylinder at the end of the stroke is full of dry steam, of 
pressure 6 lbs. per square inch, which, when the exhaust is 
opened, rushes out into the condenser and is there con- 
densed. 

Now compare this with the case of an engine, working 
without expansion, at the pressure 6 lbs. per square inch 
with the same back pressure, a case which, though not 
occurring in practice, we are entitled to assume for our 
purpose ; then at the end of the stroke, in this case, also we 
haye a cylinder full of dry steam at pressure 6 lbs. per 
square inch, which rushes into the condenser when the 
exhaust is opened, and is there condensed. Clearly it is 
impossible to distinguish the two cases. They are identical, 
and the reader who has carefully considered Chapter II. will 
perceiye that we are entitled to conclude that the heat 
rejected is the same in the two cases ; there is, in fact, no 
possible reason for any difference. 

The heat expended, howeyer, is not the same, because the 
steam is formed by a different process in the two cases; 
in the first case it is generated in the boiler at 60 lbs., passes 
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into the cylinder, and there expands till its pressure has 
fallen to 6 lbs., while in the second case it is generated 
in the boiler at 6 lbs. But since we know the heat rejected 
by the rule previously given for a non-expansive engine, we 
can find the heat expended in the expansive engine by 
simply adding to that rejected heat the useful work done, 
for the two together make up the whole heat expended. 

Using the same notation as before (comp. Art. 18), the 
heat rejected is given by 

R = H,-A,-(P,-P,)p„ 

while the useful work done is (P — P^) V2 : adding which 
two together we find as before, 

Q = H,-A, + (Pm-P,)p,. 

This general formula is applicable to any case in which the 
steam is dry at the end of the stroke, and from it we can 
find how much heat is to be supplied to the jacket, inde- 
pendently of the exhaust waste, which for dry steam is 
probably small. For H^ - Aq is the heat supplied in the 
boiler to each pound of the working steam, assuming the 
boiler to supply dry steam ; therefore if J be the jacket heat 
per lb. of working steam, 

J = H,-H, + (P«-P,)r, 

By division by Hi — Ao we find how much steam must be 
supplied to the steam jacket besides that required to provide 
for the exhaust waste, in which is included the waste heat of 
the liquefied steam discharged from the jacket. 

Whatever the form of the expansion curve, this must be 
true, but if we suppose, as before, that curve to be an hyper- 
bola, we get 

j = P,p,.log.,r- -SOSft-y, 
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which will give the required resultSy in ooDJnnotioii with 
formula (2), of Art 22, for any ratio of expansion r : taking 
Pa Vt in thermal units from Table lYo^ and remembering 
that ^1 — 1^2 is the difference of temperature at the beginning 
and end of the expansion fonnd by Table la from the corre* 
sponding pressures. 
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Heat 
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work 
per lb. 


per hoar. 
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Effleienoy. 










in th. units. 


Working. 


Jacket. 


Total. 


perl'. 




None. 


79-0 


82-6 





82-6 


694 


•072 


r = 2 


126-8 


20-8 


•78 


21-0 


882 


•iia 


r = 6 


180-1 


U-2 


116 


16-8 


280 


•168 


r = 9 


206-7 


12-4 


1-33 


13-7 


260 


•171 


r= 13 


218 


11-8 


1-44 


18-2 


242 


•177 


Complete. 


228 


11-2 


1-77 


18-0 


236 


•181 



Bemarks, — Condensing engine, initial pressure 95 lbs., back 
pressaro 8 lbs. absolute. Steam dry at the end of the stroke. 
Exhaust waste neglected. 

The annexed table has been calculated to show the per- 
formance of a condensing engine of initial pressure 95 lbs. 
per square inch, working at various rates of expansion, with 
back pressure 3 lbs. The results show that the efficiency 
may be more than doubled by expanding the steam five 
times, and still further increased, though only to a small 
extent, by a further increase in the expansion. Not all the 
gain here shown c-an be realized in practice, chiefly on 
account of the action of the sides of the cylinder, which 
occasions greater and greater loss as the ratio of expansion 
is increased ; till, at a certain limit, there is no longer any 
advantage but a positive loss in expansion. Tiie reason of 
this cannot be discussed here. (See Chapter X.) 
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26. The amount of heat indicated by the table as necessary 
to be supplied to the steam, together with that required for 
the exhaust waste, is so considerable, that the steam jacket 
will, in most cases, be unable to supply it, and, in that case, 
the steam cannot be dry at the end of the stroke, but must con- 
tain a certain portion of moisture, either distributed over the 
internal surface of the cylinder or suspended throughout the 
whole mass of steam. In the latter case it will rush out into 
the condeuser with the exhausting steam, but in the former 
it will remain on the internal surface of the cylinder and 
piston during the exhaust, and will be evaporated by heat 
abstracted from the cylinder. Thus the exhaust waste will 
in general be much increased when the steam is wet at the 
end of the stroke, and will increase the diflSculty of supplying 
enough heat by the jacket. I shall now consider two cases 
in which the steam is wet. First, I shall imagine the 
cylinder jacketed, but that the jacket supplies only just 
enough heat to provide for the exhaust waste, so that the 
steam obtains none, and expands as in a non-conducting 
cylinder, except that the expansion curve is still supposed 
approximately an hyperbola. This case sometimes occurs in 
practice. 

The steam is then moist at the end of the stroke ; let the 
dryness-fraction be Xz, then the total heat of evaporation of 
the steam in its terminal state is by Chapter L, 

Total Heat of Evaporation = A, — A<, + x, L^ , 

of which ViO^iV'i is due to external work: while during 
formation, in the present case, by Art. 21, the work done in 
driving the piston is P^ o^ ^2* hence the total heat of forma- 
tion must be 

Q = ^j - A, + x,L, + (P, - P,)z, r,. 

Now in the present case the steam obtains no heat during 
its passage from the boiler to the end of the stroke, and 
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consequently its total heat of formation must be equal to the 
heat supplied in the boiler, therefore 

or remembering that the expansion curve is supposed an 

hyperbola, 

H| = A, + «,Lj + «,P,«,.log.«r, 

an equation which enables us to find out how much steam is 
liquefied at the end of the stroke : for 



x,= 



H,-A. 



Baying found X29 the useful work done can now be found by 
formula (4) Art 23, and the efficiency is deduced by dividing 
by Hi - ho. 

The annexed table shows the results of this calculation 
under the same circumstances as in the preceding example. 
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•176 
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•15 


13-2 


240 


•178 



Bemarks, — Condensing engine, initial pressure 95 lbs, back 
pressure 3 lbs. absolute. Jacket just supplies the exhaust waste, 
which is not included. 

It will be seen that the results are nearly the same as in the 
preceding case : the loss by liquefaction being almost exactly 
compensated by the circumstance that the steam considered 
all passes through the cylinder instea ' ^ partly used 
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in the jacket, or we may express it roughly by saying that 
the liquefaction takes place in the cylinder instead of in the 
steam jacket. But no doubt in the second case the exhaust 
waste is greater than in the first case, and this has to be 
provide<l for by jacket steam. 

27. Although the two preceding cases may possibly occur 
in practice, yet it can hardly be doubted that it is much more 
common that the exhaust waste is greater than the jacket 
supply. In this case the difference is abstracted from the 
steam during the passage from the boiler to the end of the 
stroke, and it is obvious that, in non-jacketed cylinders, this 
must always be so. 

I shall now consider a particular case of this kind by sup- 
posing that the exhaust waste is greater than the jacket 
supply by 20 per cent, of the whole heat expended in the 
boiler. This proportion is far from unusual in practice, 
in non-jacketed cylinders. Then, all that heat is abstracted 
from the steam during its passage from the boiler to the end 
of the stroke : a circumstance which is expressed algebrai- 
cally by the equation, 

I (H, - A.) = Q = A, - A, + a:,L, + (P« - P,)^,t»„ 

the notation being as in the preceding article. Whence we 
get an equation for oJj, replacing as before (P^ — Pa) v^ by 
Pj Va log. f r ; namely. 



Xm = 



_ l(H» - A,) - (A, - A,) 



• L, + P,r,.log.,r 

from which may be found the amount of water mixed with 
the steam at the end of the stroke, and the useful work done 
may be calculated as before. The results are given in the 
annexed table for the same data as in the two preceding 
cases. The steam is now very wet at the end of the stroke, 
as is shown in column 2, and the performance is much 
inferior on account of the exhaust waste being incli» 
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•286 
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•812 


16^9 


808 
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Complete. 


•828 


16^7 


808 


•141 



Bemarhs. — Condensing engine, initial pressure 96 lbs., back 
pressure 3 lbs. absolnte. Not jacketed: ezhaost waste assumed 
20 per cent. 

The assumption of a waste of 20 per cent is of course an 
arbitrary one introduced to fix our ideas. As a matter of 
fact, the waste is in general greater at high rates of expansion 
than at low ones, for reasons which will appear hereafter. 
So also the expansion curve is not always an hyperbola ; but 
at low expansion, the pressure falls quicker, and at high 
expansion slower, than is indicated by a hyperbolic curve. 

In the present case, the consequence of a uniform curve 
and a uniform percentage of waste being supposed at all 
rates of expansion, has been that the consumption of steam in 
Case III. has been increased, in the fixed proportion of 25 per 
cent., approximately, as compared with Case II., the advantage 
of expansion remaining the same, but this will of course not 
hold good in practice. 



Oraphiedl BepresentaUon of the Heat Expended. 

Equivalent Pressure. 

28. The graphical method, explained in the last chapter, of 
representing the internal work done during the evaporation 
of water under constant pressure, may with great advantage 
be extended to the present case. 
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In the figure (Fig. 5), N A B L O represents the expansion 
diagram, showing, as in Art. 21, the energy exerted by the 

Fio. 5. 




s 



P'k Pi 



p'-ifc' 



A 



steam in driving the- piston, during admission, and expansion 
according to any law from volume M to volume ' 
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pressure at the same time flalliDg from A H to B L. Then 
■ it was ehown that the internal work done during the ^mua- 
tion of dry steam, at theterminid pressure j),,conld be lepra- 
' seated by the area of a pair of rectangles, the base of wbieh. 
is O L the rolame of the steam, and the heights ip^ i* pi re- 
spectively, k k being nambers calculated for any pressure 
and temperature of feed by easy rules. (See Arts. 9 and 10.) 
Or the heights of the rectangles themselres may be found 
without a previous determination of I i^, as explained in 
detail in the same articles, In the figure these reotanglee 
are O B and B 8 respectiTely. 

Now, as has been sufficiently explained, the energy 
expended in interual changes, in fonniug steam of given 
quality, is always the same, and to find the total heat of 
formation we have only to add the energy exerted on 
external bodies during the process of formation. But this 
energy is represented by the area of the expansion diagram 
whatever the form of the curve may be, and thus it is clear 
that the heat expended must be represeutod by the area of 
the whole figure N A B L S, made up by the rectangles and 
the curve. 

Moreover, it was shown that the internal work might be 
represented to our minds as equivalent to overcoming an 
ideal pressure on the piston, wtiicib we called the " intemal- 
work-pressure," the said pressure being represented by 
(ft + A") j>a. Now the energy exerted is equivalent to over- 
coming a mean pressure p„ on the piston where p^ aa usual 
is the mean forward pressure, and consequently the heat 
expended must be represented by a pressure j>, on the piston 
given by 

. p»=p» + (* + i')p,. 

This pressure is what Bankine called the " preBsnre 
equivalent to the expenditure of heat," but for brevity it 
may be also called the " heat-pressure " ; it may always be 
calculated by the preceding formula whatever be the treat- 
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ment of the steam on its way from the boiler to the cylinder, 
proyided the steam be dry at the end of the stroke. If it 
be not dry, then the same formula serves with the same 
yalne of h, but a modified yalue of A^ as explained in Art. 12 
of the last chapter. Two examples will now be given of the 
calculation of |>. 
First let us suppose 

being data which might frequently occur in condensing 
engines. 

Here the temperature corresponding to p ia found by 
Table la to be 162°, and we must calculate 

taking the values of p and Pu from Table lYa, whence we 
have 

p = 933 Pt<=-67-7 

.-. k = 13-78. 

Next, to find k' we take the formula 

<-<,^ 162-90 ^ 72 ^ 
Ptt 67-7 67*7 

.•.^ + A' = 14-84. 

Again, let 

p, = 25 : fo = 62^ 

being data which might occur in a non-condensing engine in 
which no special provision was made for heating the feed. 
Then 

<, = 240° : p = 871 : Pu = 74-6 : *, - «o = 178, 
hence **= 11-68 : ft' = 2-37, 
.-. k + k' = U-05. 

These examples show that k + k' does not vary very much 
under a great variety of circumstances; hence Kankine 
recommended the formulae 

Pk=Pm'^ 15p, (condonamg), 
Ph^Pm+ l^Pt (non-oondensing), 

Y 
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and no formnkd equally simple and generiJ haye in &ct 
hitherto been given. It must always, however, be re- 
membered that the exhaust waste is not indaded, and that 
hence the results obtained are too small unless in the (pro*, 
bably) exceptional, cases in which the steam is dry at the 
end of the stroke : also it is better to calculate h + k, or 
use the direct method of construction, than to trust to the 
average values given. 
If the steam be known to be wet at the end of the stroke, 

ness-fraction, but the modification so introduced is not im- 
portant. The principal difficulty in the application lies in 
the determination of p^ which ought to be known with 
accuracy ; whereas in general it can only be determined to a 
rough degree of approximation. An example will now be 
given in which the data are taken from an experiment on 
the Dexter^ a non-jacketed engine indicating about 220 horse- 
power with speed of piston of 366 feet per minute as follows : 

Tenninal Pressure =16*87, 

Temperatnr© of Feed = 114°, 
Mean Effective Pressure =87*54, 
Mean Back Pressure = 3*65. 

The value of A? H — here is 14 • 2, the value of ojj being 
about '72, whence 

Pk = 41-2 + 14-2 X 16-87 = 281 nearly. 

Dividing the mean efiective pressure by 281, we get for the 
efficiency, 

Efficiency = -134. 

The thermal equivalent of 1 horse-power is 42 • 75, whence 
dividing by -134 we get 319 thermal units per I.H.P. per 
1', approximately, as the expenditure of heat. This result 
requires a small correction for clearance, but is enough 
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to allow a very considemble eslmiist waHte, the actual ex- 
penditure of beat being probably more tlian 400 thermtil 
units per indicated horse-power per 1'. (See Cliapler XI.) 

The method followed in the present artielo is capable of 
great extension, but I must postpone further consideration of 
the numerous and important questions relating to expansion 
till the chapter specially devoted to that purpose. 

The other calculations relating to an expansive engine aro 
just the same as in a non-expansive engine working at the 
same terminal pressure. (See Arls. 18 and 20.) 



Expuru 



t General. 



29. The work done by steam during expansion has been 
already considered in Art. 21, so far as concerns the simple 
case of a single cylinder within which the mas:^ of atoam ia 
wholly contained. It ia, however, essential to consider the 
question from a more general point of view, in order to be 
able to deal with cases of a more compSicuted character. 

Instead of supposing the steam to be ahut up in a cylinder 
behind a piston, the motion of which causes changes of 
volume, let us imagine the steam or otlier elastic fluid to 
be contained in a bag of any size or ehape which expands, 
retaining or not its original form as the case may be. Then 
considering, first of all, a very small increase of size and 
change of form, it is clear that the surface of the bag may 
be supposed divided into an indefinite number of small 
portions, each of which may be conceived to be the base of a 
small cylinder, in which the corresponding portion of the 
surface moves as a piston when the bag becomes a little 
larger. Hence, whatever the size or ehape of the bag, if P 
be the pressure, V the volume through wliich the surface 
sweeps, or in other words the increase of volume of the 
bag, P V will be the work done in overcoming a constant 
pressure P. If P be variable, then if wc set off on a hori- 
zontal line abscissie to represent volumes, and ordinates tu 
F 2 
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repreBent the corresponding pressnree, it appears by reutming 
similar to that of Art. 21, that tlis area of the ezpanncm 
curve represeota the work done hy the expandipg floid, 
just as in the particular example of a cylinder and |BBton. 
Accordingly that work depends solely 'on the changes of 
volume and pressure, and not at all on the changes of shape 
which the bag may have nndergone. Again, when a fluid 
expands, the internal changes it undergoes are sometimeB a 
source of energy, by means of which the whole or a part of 
the external work is done, and som^imes require a supply of 
energy in order to produce them. In the first case, the 
difference betweoi the energy and the work is abttiaoted 
from, or supplied to, the expanding fluid in the shape of 
heat, according as the eneigy or the work is the greater; 
while, in the second case, heat enough must be sapfdled horn. 
without to do both the internal and the external work. In 
neither case is there any reason to believe that change of 
shape (unless made with very extreme rapidity) can have 
any sensible influence on the internal work done or the 
intrinsic energy exerted during a given change of pressure 
and volume, and consequently it follows that the form of the 
expansion curve depends solely on the nature of the fluid 
and the amount of heat (if any) which it receives during 
expansion. This will be illustrated fully in the case of air 
and steam in a later chapter; for the present I content 
myself with the very important conclusion that — 

The work done by a ffiven quantiti/ of expanding Jluid does 
not depend in any way on the particular machinery by meant 
of which the etepanmve eTiergy is atilized. 

Thus when 1 lb. of water is forced into the boiler and 
evapOTated, the resulting steam, expanded, exhausted, and 
fiually condensed, the work done by it does not depend on 
the number of cylinders through which it passes during the 
series of changes it undetgoes, but simply upon the preesure 
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of admissiony the ratio of expansion, and the amount of heat 
it receives during the process. 

In a compound engine it frequently happens, that the 
series of changes undergone is very complex ; the steam is 
admitted to the high-pressure cylinder during a part of the 
stroke, is then cut off, and expands till the stroke is com- 
pleted ; on release, instead of passing at once to the condenser, 
it is exhausted into a second cylinder, either at once or 
through an intermediate reservoir, and only reaches the 
condenser after a complicated series of changes of pressure. 
Nevertheless, if our object is merely to find the power of the 
engine, we have no occasion to consider these changes at all : 
we have merely to discover how much steam is used and how 
many times it expands. 

Let the large cylinder or cylinders, if there be more than 
one, be n times the small cylinder, and let the steam be cut 

off in the small cylinder at -th part of the stroke, then it is 

clear that the volume finally occupied by the steam, im- 
mediately before exhaust, is to the original volume, in the 
ratio nr : 1; therefore if B be the number of times the 
steam expands, 

R = nr, 

and all the calculations for work done, and heat expended, 
per lb. of steam, are to be conducted just as if it were 
used in a simple engine with ratio of expansion B. 

The weight of steam used depends upon the size of the 
large cylinder or cylinders alone, because at every stroke the 
volume of steam discharged is that of the large cylinder, and 
hence the power and efficiency of a compound engine are (other 
things being equal) the same as if the steam were used in 
the large cylinder alone with the same total expansion. 

The addition of a high-pressure cylinder, then, has, in 
itself, no influence on the power or the efficiency of the 
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engine ; it is merely a device for partially oyercoming same 
of the difficulties which attend the use of high grades of 
expansion. 

The foregoing statements, howevery must be understood 
with certain qualifications as expressed by the saying clause, 
" other things being equal/' When steam is ** wire-drawn,** 
or when communication is opened between vessels containing 
steam of difierent pressures, a part of the expansive energy 
of the steam is employed in generating violent motions in 
the particles of the steam itself ; which motions are ultimately 
destroyed by fluid friction, and the corresponding kinetic 
energy transformed into heat. This eneigy is nearly all 
lost, so far as any useful purpose is concerned, and conse- 
quently the steam does not do all the work which it might 
have been made to do by a different arrangement. Since 
unbalanced expansion occurs to a greater extent in a com- 
pound engine than in a simple engine, the compound 
engine is at a disadvantage in this respect; the actual 
increase of efficiency generally produced by compounding 
being chiefly due to a diminution in the prejudicial influence 
of the sides of the cylinder, so that the exhaust waste is 
greatly diminished. 

30. The construction of an indicator, and the general nature 
. of the diagram obtained by its use, are supposed to be already 
familiar to every reader of this work. Suffice it to say that, 
when properly set, the motion of the drum precisely corre- 
sponds with the motion of the piston, so that the diagram 
drawn on the card shows the pressure of the steam at any 
point of the stroke : during the forward stroke in front of 
the piston, and during the backward stroke at the back of 
the piston. In practice, the diagram is generally considered 
as showing the total effective pressure urging the piston 
forwards at each point of the stroke ; it being usual to take 
a diagram from each end of the cylinder and combine the 
upper half of each with the lower half of the other; thus 
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obtaining iSgures often called **true" indicator diagrams, 
which show the true driving force on the piston. 

No doubt, if the object is to draw a true curve of crank 
effort when studying the variation of the twisting moment on 
the crank shaft, or the fluctuation of energy of the engine, this 
course must be adopted ; but, for the purposes of a theory of 
the steam engine, the indicator diagram may be looked at 
fix)m an entirely different point of view ; it may, or rather 
must, be regarded as the graphic representation of the series 
of changes undergone by the feed water in the course of its 
transformation into steam, passage through the engine, and 
subsequent condensation. 

In the figure (Fig. 6), suppose ON to represent the 
volume of a small quantity of water contained in a bag 

Fio. 6. 
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according to the conception of the preceding article, and let 
PN represent the boiler pressure: then the vertical line 
P N represents the rise of pressure which takes place as the 
water is forced into the boiler by the action of the feed 
pump. Next, neglecting wire-drawing, the horizontal line 
PQ represents the gradual increase of volume of the bag as 
the water within it gradually evaporates and finally becomes 
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sll ateam. Imagine the Bteam sutldealy eat off when the 
bag is wholly within the cylinder, thea the bag gradnally 
expands, aa represented by the cnire Q T, till precisely at 
the end of the stroke (appose) the exhaust opens. 

When the exhaust is opened, the bag ondergoes a snddeo 
expatistoD as the steam rushes into the condenser, followed 
by an almost coincident contraction as the steam within it is 
condensed. The process is not exactly the same for all 
particles of steam, but may be sufficiently nearly represented 
by the dotted expansion curve T R, and the horizontal line 
of condenser pressure LSR, During this expansion the 
only work the bag does is in overcoming the condenser 
pressure, the excess of expansive energy being employed in 
generating kinetic energy, ultimately reappearing as heat in 
the condenser. During condensation, energy is exerted by 
the steam piston in compressing the bag, which energy, 
after allowing for the work done by it in the sudden 
expansion, is represented by the rectangle S N. Hence, 
referring to Art. 21, the effective energy exerted by the bag, 
which has now returned to its original state, is represented 
by the area P Q T S L, being the difference between 
I'QTMN, the energy exerted on the piston, and SN, the 
eiiei^ exerte<l by the piston. 

The figure thus drawn, representing the changes of volume 
and pressure of the bag, may be called the diagram of energy 
of a lb, of steam. If clearance and wire-drawing be neglected, 
the figure is identical with that drawn by an actual indicator, 
except that the actual indicator diagram includes tlie very 
small rectangle O P, representing, as previously shown, the 
work done by the feed pump (Art. 17). 

The effect of clearance and wire-drawing is that all 
particles of steam do not go through the same series of 
changes ; some aro never condensed at all ; some are more 



;«d some less wire-dri: 



there are, therefore. 



many 



distiuot diagrams, each representing its own particle of 
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steam. The iSgare drawn by the indicator may be regarded 
as representing the average changes undergone by the 
steam, as will be seen more clearly from the chapter 
(Chapter IX.) devoted to this part of the sabject. In a 
compoond engine the figures drawn by the indicator, when 
combined by the well-known process, show the changes 
of state of the steam, care being taken that the figures 
combined are taken from corresponding ends of the two 
cylinders, so as to show the changes of the same mass of 
steam ; but while the steam is passing into the low-pressure 
cylinder, before it is cut oflF in that cylinder, it must be 
remembered that the weight of steam in the low-pressure 
cylinder does not remain constant, nor does it usually vary 
in proportion to the volume swept out as during admission 
to a simple cylinder. The subject is too large and com- 
plicated to be conveniently dealt with in the present 
chapter. 
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CHAPTER IV. 

PHT8ICAL PB0FBRTIB8 OF THE PEBMAKSKT QA£nSS. — 

AIB ENGINES. 

31. It has been shown in the last chapter that, in a steam 
engine, even when working under very fitvonrable oonditionSy 
less than one-fifth of the whole heat expended ii9 trans- 
formed into mechanical energy, and it is natural to inquire 
into the causes of this unfayourable result to discover, if 
possible, whether those causes are removable, either in the 
case of a steam engine or by the employment of some other 
kind of heat engine. A foil answer to this question will be 
given in the next chapter, bat a preliminary study is 
necessary of a heat engine of a much simpler character, 
namely, the simplest kind of air engine. It is not, however, 
in this work intended to discuss air engines, except in the 
very simple elementary form, which is all that is needful 
for our purpose. 

The simplicity of air engines, from a theoretical point 
of view, lies in the fact that the constitution of air and 
other permanent gases is incomparably simpler than that 
of any other body in nature; all permanent gases (that 
is, gases which cannot be liquefied by cold and pressure) 
being subject approximately to certain very simple laws 
of which it will be necessary, before proceeding farther, to 
give a brief summary, referring for fuller information to Pro- 
fessor Clerk Jf axwell's * Theory of Heat' 

First law.^ The produd FY of the pressure 'P and volume Y 
is a constant juaniUy uhen the tempmralure remains constant. 
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FiO. 7a. 



The value of this constant is known with great accuracy 
for different gases by the experiments of Begnault, for 
certain standard temperatures, and more especially at 32° 
Fahr. being the temperature of melting ice. For air, if P^ 
be the standard pressure of the atmosphere, here taken as 
14*7 lbs. per square inch, or 2116*8 lbs. on the square foot, 
Yq the volume of 1 lb., found by direct experiment, 

Po Vo = 26,214 ft. lbs. 

For any other value of P the same value of P V should 
be preserved, according to the first law, so long as the tem- 
perature remains that of melting ice, 
and in fact, though the deviations are 
perceptible, they are very small except 
at extreme pressures. 

If the temperature be altered, how- 
ever, the value of this product will 
alter; two cases of which, amongst 
others, may be specially noticed. 

(1) Let the air be enclosed in a cylin- 
der A B (Fig. 7a), beneath a loaded piston 
which originally, when the air is at 82°, 
stands at a height y^ above the bottom. 
Now let heat be applied, the load on the 
piston remaining equivalent to a given 
constant pressure P, then the temperature of the air rises, 
and at the same time the air expands, causing the piston 
to rise. Suppose heat to be continually applied till the 
temperature is that at which water boils under the stan- 
dard atmospheric pressure, and let the piston then have 
risen to the height yi. Then clearly since the pressure is 
the same, that is Pi = Po, 

P» v» _ yi 

(2) Let the air be enclosed in a vessel of invariable 
volume and let heat be applied to it, then the pressure 
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ft 

increases, as heat is applied, and the temperature rises from 
32^ to 212^. Since the yolnme is constant we shall have in 

this case 

P»V»_P, 
P.V,~P/ 

80 that if Pj be determined by experiment the ratio of pro- 
ducts will be known. 
Hence the ratio of products may be determined by ob- 

serving either the ratio ^ or the ratio — , and'if the first law 

were strictly true the result of the two experiments ought 
to be identical. This is, in &ct» very nearly the case, and, 
moreover, the result is found to be very approximately the 
same if any other permanent gas be used in place of atmo- 
spheric air — ^a fistct included in the 

Second law* Under constant presst^e all ffa»BS expand alike. 

That is to say, in the first operation supposed above, if the 
temperatures, initially and finally, be any whatever, instead 

of 32° and 212°, the ratio ^ , or, by the first law, the ratio 

of the products P V, will be the same for all gases. 

It must be repeated that these two laws are only approxi- 
mations for actual gases, but the deviations are so small that 
we are justified in regarding them as essential characteristics 
of a peffeeUy gaseous body, and the deviations may be con- 
sidered as caused by actual gases being more or less im- 
perfect. In an absolutely perfect gas, between the tempera- 
tures 32° and 212^ the ratio is probably 1'3654, a value 
which is exceeded in actual gases by quantities, which in 
permanent gases are very minute, but are more considerable 
in liquefiable gases, and which become less as the gases are 
rarefied. (See Appendix.) 

Since at difierent temperaturea the product P Y has 
diflFerent values, it, evidentl*" *s ft measure 

* Law of Obi 
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of temperature. Temperature is ordinarily measured by a 
mercurial thermometer, that is, by the expansion of mercury 
in a glass tube, but there is no reason, except that of mere 
convenience, why this should be so; a bar of iron might 
also be used by observing the changes of length which take 
place when heat is applied. Now the choice of the product 
P V has this advantage, which is at once obvious — namely, 
that the measurement is (by the second law) independent of 
the kind of gas employed ; while in other thermometers — 
unless specially graduated by reference to a standard instru- 
ment — the indications are diflFerent for each different thermo- 
meter ; hence, when measured by the expansion of a perfect 
gas, temperature is said to be "absolute," an expression 
which hereafter will be justified by much more cogent 
reasons (see Art. 44). Assuming temperature to be mea- 
sured in this way, let ^ be a temperature reckoned on 
Fahrenheit's scale, then manifestly 

PV = P.V, + -^(t_32).P.V, 

_ p V 180 + -3654 (< - 32) 
• • 180 

= 1^6 (*«*■« + '>• 

We can now make this simpler by measuring temperature, 
not from the purely arbitrary zero used by Fahrenheit, but 
from a zero 460° '6 lower, so that if T be the absolute 
temperature, 

T = 460-6+ t 
P V 

• p V — *> '^ T 

•* ^^ "492-6 

The zero in question is called the "absolute zero," and 
according to the experiments of Joule is 460*66 below the 
zero of Fahrenheit's scale ; in all our subsequent work we 
shall adopt the nearest whole number — viz. 461, and write 

p V 

PV — _i_-? T 
" 498 * • 
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where T is me&Biired from a zero 461° below tlie zero of 
Fahrenheit's Bcal& Bankine adopted 461 ' 2, corresponding 
to 274° centigrade, while continental writers usaally adopt 
273° centigrade. 

A thermometer of this kind gives results not differing 
materially at ordinary temperatures from those of a mercurial 
thermometer, a fiict usually included, by implication, in state- 
ments of the second law. When great accuracy is required 
in the measntement of temperature, an air thermometer 
is actually osed under one of the two forms mentioned above. 

A perfect gas, then, ia represented by the formula 



where c is a oomber depending on the density of the gas at 
32° ; for atmospheric air the value of e ia about 53 ' 2, 



represents the properties of a perfect gas, the density of 
which at 32° is the same as that of air, and when in the 
course of the present and succeeding chapters "air" is 
mentioned, it is to be understood that such a perfect gas is 
intended, unless otherwise expressly mentioned. Actual air 
when perfectly dry differs from such a gas by very small 
quantities, but when containing moisture, as it always does 
in practice, the differences are more considerable. 

Th»-d law.' The tpecijio heat at conslant pressure of a ffoa 
ia the same at dU temperaturea. 

By "specific heat" is to be understood the amoont of 
heat necessary to raise 1 lb, of the substance through 1°, — 
temperature being measured by the expansion of the gaa 
itself as explained above, — a quantity which has different 
value) according to the way the change of temperature is 
accomplished, depending on the amount of external work 
done. When the gas expands at constant pressure, as in 

* Law of Begnuilt. 
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the first process mentioned above, tbe value has been deter- 
mined by Begnault with great accnracy for various gases, 
and the result agrees so closely with this third law, that 
it also may be regarded as an essential characteristic of 
a perfect gas ; the numerical value for air is * 2375 thermal 
units, or 183-35 ft. lbs. 

The heat expended in raising the temperature of air at 
constant pressure is partly expended in doing external work ; 
for let the original volume of the air be Vi, and the final 
volume V2, then the work done in raising the piston is 
given by 

Work done = P (V, - VO = c (T, - T,). 

Hence, since the heat expended is K, (Ta — Ti) where K, is 
the specific heat at constant pressure. 

Internal Work = (K, — c) (T, - T,). 

Thus the internal work is proportional to the change of 
temperature whenever the change takes place at constant 
pressure, and for air is 183*35 — 53'2 = 130*15 for each 
degree Fahrenheit. 

FiO. 76. 




The process may very conveniently be represented graplii- 
"sally. Let ON (Fifr ^" "esent the volume before, and 
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OM the volume after, heat has been applied, while FN 
represents the constant pressure: then the rectangle FM 
represents the external work done. Now set downwards 
N Q, such that 

N Q _ I nternal Work 
FN External Work 

= ^lU = 2-451 (for air), 



then the rectangle NS represents the internal work, and 
the rectangle F S the whole heat expended. As in previous 
cases, we may regard the heat expended in internal work as 
overcoming a pressure on the piston represented by NQ, 
while NQ and FN together represent the heat-pressure, 
hence 

Pk = 3-451 jp. 

FotMrth law.* If a gas expand without doing external work 
its temperature is unaUered. 

When air expands, overcoming the resistance of a piston, 
its temperature falls, as appears by experience ; the kind of 
expansion indicated here is, however, diflFerent. Let two 
vessels be provided, one of which is empty, and the other 
contains air of any pressure : let the vessels be connected by 
a pipe provided with a stop-cock, which, when opened, allows 
the air to flow from one vessel to the other ; then, at first, 
the expansive energy of the air is employed in generating 
violent motions in the air, which, however, quickly subside 
from fluid friction when equilibrium of pressure has been 
attained, after which, if the temperature be observed before 
any heat is lost by radiation, it will be found sensibly the 
same as before the cock was opened 

Now the diflerence between this case and the first 
supposed is, that no external work of any kind is d 
that the air has lost no ener^. and the result 
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ehovs that the intrinsic energy (Art, 15) possessed by the air 
is alirays the same at the same temperature, whatever be ita 
pressure, a fact which enables us at once to show that how- 
ever air changes its state, the internal work done must be 
proportional to the change of temperature. 

For let 1 lb, of air expand in the way supposed from 
pressure P, volume Vi , till its volume is Va ; ita temperature 
by hypothesis remains the same (Ti, say) and its pressure is 

V, 
therefore ^ . P, = P^. Let it now expand at this constant 

pressure until it reaches any other volume, and its tempe- 
rature haa risen to T, ; heat must be added to render this 
possible, and the internal work done has been shown to bo 
(K — c) (Tj — T|), but during the free expansion no internal 
work is done, therefore the air has been changed from 
pressure Pi, temperature T,, to pressure P^, temperature Tj, 
with an expenditure of heat in interual work of (K, - e) 
(Tj — Ti) whifh defiends solely on the difffrenee of tempe- 
rature, llence, by Art. 14, the internal work done in 
changing the temperature of air is always given by 

iDtemal Work = (Kp - b) (T, - T,), 

This reasoning applies directly to the case whore Pj is less 
than P|, and by a slight modiScation also when Pi is leas 
thanP,. 

Now, in the second method of changing the product P V 
mentioned above, the volume of the air remains constant, so 
that no external work is done ; and we learn that when air 
is heated at constant volume the expenditure of lieat for V 
rise of temperature is K, — c, a constant quantity. Hence 
the specific heat at constant volume ia, like the specific heat 
^ at oolurtaiLt pressure, a constant quantity, and moreover, if it 
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a relation which ib a neceaeary consequence of tlie fourth 
esperimenfol result. In the case of air from tlie values given 
above, we find 

K, = 183-7 - 53-2 = 1302 foot Iba. 
Now, if we could make experiments ou the specific heat of 
air at constant volume, we should be able to verify this 
result. This has not yet been done directly, but we can 
obtain a value indirectly by means of the knowledge we 



of sound depends, irrespectively of any special theory of heat, 
and which for air and some other simple gases has been 
shown to be 1 "408, whence 

K.=!SJ = 13.25. 

agreeing closely with the previous calculation. Thus we 
might have assumed as our fourth experimental result the 
equation 

K,, - K. = c, 

from whence can be shown without difEculty that tho 
temperature is unaltered by free expansion. This equation 
shows that, for gases which have the same value of 7, the 
specific heat at constant pressure is inversely proportional to 
the density; a result which has been experimentally verified. 
The fourth experimental result is not to be regarded as 
exact for actual gases any more than the three others, but 
merely as an approximation so close that we are justified in 
regarding it as another essential characteristic of a perfectly 
8 body. 



Compkiehj Superheated Steam. 

32, Saturated steam is no* " • "Ct iras, as is sufficiently 

shown by the fifth colur '■ich shows the 

differences A P« wk' ly the same 
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as A Ft;. These differences wonid be constant if the steam 
followed the perfectly gaseous laws, whereas they actually 
diminish very considerably as the temperature rises. There 
is, however, little doubt that, when sufficiently superheated, 
steam becomes sensibly a perfect gas, and it may then 
conveniently be said to be ** completely " superheated. It 
then follows the law expressed by 

like atmospheric air, but with a different value of the con- 
stant c. As to the amount of superheating necessary, much 
uncertainty exists; but there can be no doubt that the 
higher the temperature of saturated steam the greater is 
the rise of temperature needful to produce from it com- 
pletely superheated steam. In the intermediate state, in 
which steam is neither saturated nor a perfect gas, its 
properties are not fully known, but such experunents as 
exist show that its rate of expansion is much greater than 
that of a perfect gas near the saturation point, but quickly 
diminishes as the superheating progresses. In order to deal 
with the steam in this state, hypotheses not fully warranted 
by experiment are necessary. 

The density of steam as calculated from its chemical 
composition is * 622, nearly, that is, a cubic foot of steam 
should weigh this fraction of the weight of a cubic foot of 
air at the same pressure and temperature (see 'Dixon's 
Heat,' p. 187), whence 

= = 85*5, 

•622 • 

80 that the theoretical equation for completely superheated 
steam is 

PV= 85-5T. 

The density of dry saturated steam at low temperatures 
has not hitherto been determined in a satisfactory way, 
but the results usually given indicate that, below 104% 

a 2 



84 PBOFWBTim or the permanekt oasbs. 

Baturatdd eteam is s^isibly a perfect gas of density ('63) 
rather greater than the theoretical value. The theoretical 
valnes of P V are given for every 'A7° from 104° to 401° in 
Table IVa, for the sake of compaiisoo with the same values 
for saturated Bteam, whichj it will be seen, are emaller, and 
at high temperatares considembly smaller. 

The value of K,, according to the latest experiments, is in 
thermal units '48, or in foot lbs. 370*56, vhenoe E.ss 
28503and7 = l'S. 



Thermodynamies of a Petfaet Oa$. 

33. From tlie four experimental resnlts ezpresung the 
physical properties of a perfect gaa, it is possible to give a 
complete theory of the action of heat in such a body. For 
in the most general case of the action of heat in a body we 
found in Chapter II. that 

Heat Expended = Intomal Work + Eitarnftl Work ; 

and farther it was shown above that the internal work is 
always K, (Tj-Ti) where T, Tj are the temperatures at 
the beginning and end of the operation. 

.-. Heat Expended = E. (T, - T,) -|- External Work 

= -^(PiT, - P, V,) + Eitemal Work, 

an equation from which all questions can be answered about 
the action of heat in a perfect gas. 

Firtt. Suppose the temperature constant, then the air 
expands, when heat is added, according to the hyperbolic law, 
and the .internal work done is zero, so that the whole of the 
heat expended is employed in doing external work, and 
flows ont of the air in this shape as fast as it enters. If the 
ratio of expansion be r, it was shown in Chapter III. that 
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the work done during hyperbolic expansion is P V.log.e r; 
hence if Q be the heat expended^ 

Q = PV.log.,r = cTlog.,r, 

where T is the constant absolute temperature of the air, and 
the same equation serves for any gas by substitution of the 
proper value of c. For air c = 53 '2 also log.« r = 2*302 
log. 10 r 

/. Q = 122-5 . Tlog.r foot lbs. 

= • 1584. T log. rthennal units, 

where the logarithm is now common. 

Expansion at constant temperature is called " isothermal" 
expansion, and the curve is the isothermal curve, which for 
perfect gases is therefore an hyperbola. 

Secondly. Let the expansion of the air take place ac- 
cordiog to the law expressed by the equation 

PV» = const. 

Curves of this kind occur constantly in the theory of the 
steam engine; thus the relation between the pressure and 
volume of saturated steam is expressed approximately by 
such an equation for which n = \l, and we shall have 
numerous instances hereafter of such curves, with various 
values of n. Their general appearance is that of an hyper- 
bola, which is indeed a particular case in which n = 1. In 
'the Appendix, Note C, it is shown that the area included 
between two ordinates (Fig. 8, page 88), A N, B M, the curve 
A F B and the base N M is given by the equation 

n — 1 

a rule which fails when n = 1, when we must resort to that 
previously given for the case of the hyperbola. In any 
other case then we have 

External Work = ^' ^^ " ^ ^-Zi = »i_^ (t. « TA 

n — 1 n — 1* *^ 

so that in this law of expansion the external work done is 
proportional nge of temperature, which is a rise 
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when n is less than unity, and A full wlien n is greater than 
anity. Placing this yoIuo in the equation for Q the heat 
expended, 

Q = K, (T, - T,) + — i^ (T, - TJ 




which shows that the heat expended is also proportional to 
the change of temperature, or, in other words, that the 
specific heat (K) is a constant, given by 

K- "^~^ =K,."~T. 

When n = 7 we hare a very important case, for then the 
heat expended is zero, showing that when a gas expands 
withont either gaining heat or losing heat the expansion 
enrve is given by 

PVT = const., 

a curve which is called the adiabaiio curve, and the ex- 
pansion is said to be adiabaiio expansion. In this case the 
external work is done at the expense of the internal energy 
stored up in the gas, therefore tlie temperature falls from 
T, to T,, say, where the ratio T, : Tj is readily found from 
the equations 

P,V,r = P,V,''' : P,V, = oT, : P,V, = eT„ 

Y 
whence if r = „- be the ratio of expansion, 

T. = T,.(J)'-'. 

The accompanying table shows how the pressure 
temperature fall during an expansion to double its v< 
air, the initial pressure of which is lOO lbs. pei 
and temperature 539° Fahr.; the correspoi 
during hyperbolic expansion beine i^ren fo 
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Adiabatio Expansion of Ajb. 



Temperature. 


PreBsure. 


Ratio of 










ExpanBion. 


Ordinary. 


Absolnte. 


Adiabatio. 


iBothermal. 




539 


1000 


100-0 


100-0 


1- 


601 


962 


87-5 


90-9 


11 


467 


928 


77-3 


83-3 


1-2 


437 


898 


69-1 


76-9 


1-3 


410 


871 


62-2 


71-4 


1-4 


386 


847 


56-5 


66-7 


1-5 


863 


824 


51-5 


62-5 


1-6 


343 


804 


47-3 


58-8 


1-7 


326 


787 


43-7 


55-6 


1-8 


307 


768 


40-4 


52-6 


1-9 


293 


754 


37-6 


50- 


2-0 




The table applies to any other initial temperature and 
pressure by multiplication by the initial absolute tempera- 
ture, and dividing by 1000 for the absolute temperature and 
by multiplying by the initial pressure and dividing by 100 
for the pressure. To become familiar with the curve the 
reader should construct it to scale for some convenient 
initial pressure and temperature, obtaining the initial volume 
from the formula 

P|V,=cT,. 

The table shows in a striking manner the rapid rate at 
which the temperature falls ; the fall being as much as 246^ 
in the moderate expansion of 2 : 1. The work done during 
the expansion is found by multiplying the f&ll of temperature 
by K, . By use of a table of squares the results given can 
be extended to higher rates of expansion. The curve can 
also be constructed graphically, by a modification of the 
process employed for steam (Art. 69). 

84. Betuming to the general case where n has any value, 
have 

External Work = — ^ . (T, - T.) = ^"^ .(T, - TX 
Internal Work = K. (T, - T,), 
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therefore we see that the intenal work always bears a fixed 
proportion to the external work, namely, 7 — 1 : 1 — n, a 
result which is represented graphically thus : 
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In Figs. 8a, 8b, A B represents the expansion carve, 
which when « > 1, (Fig. 86) falls below and when n < 1, 
(Fig. 8a) falls aboTC, the hyperbola through A, represented 
in both fignres by the dotted line A Eg; F F' are two 
points close together, the ordinates of which are PS, F' S'-; 
then, as has been proTiously shown, the external work done 
during expansion from S to S^ is represented by the area of 
the strip PS*. 

Taking first the case (Fig. 8a) in which the curve &lla 
ab^TO the hyperbola, it is clear that in this case the tem- 
perature rises as the expansion proceeds, and internal work 
must be done in order to produce this rise of temperature. 
Set, therefore, downwards S Q such that 

8 Q _ Iptemal Work _ 1 -w 
BP ~ External W<A ~ j - l' 

and carry out the same constraction at every step of the 

expansion, a cnrve C Q D is thus obtained, the area of a 

atrip S Q* of which represents the internal work done during 

■doD from S to B* on the same scale that the strip 8 F' 
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of -the expansion curve represents the external work, and 
the internal work done may be represented as overcoming at 
every instant a pressure on the pistcm, represented by 8 Q, 
which may be called the internal-work-preesure. The heat 
expended is tlie sum of the internal work and the external 
work, and is represented by the area of botk curves shaded 
in the figures ; the pressure (pt) equivalent to it is clearly 
represented by S Q + S P, and we have, if the external 
prefistire hep, 



In the second case when w > 1 (Fig. 86) the temperature 
tails and part of the external work is done at the expense of 
the intrinsic energy of the expanding air; we muBt then set 
off 8 Q upwards instead of downwards, and the heat expended 
is shown by the difference of area ot the curves shaded in 
the figure. If n = 7 tfie two ciin'es coincide, no heat being 
added or taken away ; if n > 7, the expansion curve falls 
below the adiabatic curve, in which case heat must be 
taken awny from the air as it expands, and this would be 
shown ou the figure by the curve of internal work C Q D 
lying above the expansion curve A B. 

I have given fiill details in this particular case not so 
mnch from its intrinsic importance as because it shows, very 
clearly and simply, how the expansion of an elastic fluid is 
afi'ected by the heat it receives from without, during the 
process of expansioo. In other cases also the graphical 
method may be employed with great advantage ; as, how- 
ever, I shall have occasion to explain these methods in 
detail for the case of steam in Chapter VII. (See Ajt. 69) I 
shall not dwell on them here. 

35. When a gas is cbmpressed, its pressure increases, 
and the relation between volume and pressure, represented 
graphically by a compression curve, depends, as in the ease 
of expansion, solely on the mode in which heat is added or 
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subtracted. If the circumBtances of the compression are 
the same as those of the expansion^ the compression cmre 
will be identical with the expansion curve, but otherwise not. 
Thus, when a gas is compressed without the addition or sub- 
traction of heat, the pressure and temperature rise accord- 
ing to the law expressed by the table given above for 
adiabatic expansion. The work done in compressing the 
gas is then proportional to the rise of temperature. But if 
the rise of temperature be prevented by the continual 
abstraction of heat as the compression progresses, the com- 
pression curve will be an hyperbola, and the energy exerted 
in compressiDg the gas will be equivalent to the heat ab- 
stracted, and will be given by the same formulsd as in 
isothermal expansion. 

Theory of a Heat Engine working icith a Perfect Oas. 
Conditions of Maximum Efficiency. 

36. The simplest kind of heat engine is constructed as 
follows : 

A B is a working cylinder containing a given quantity, 
say 1 lb., of a perfect gas, always included between the 
Cylinder cover AA^ and a piston, successive positions of 
which are represented in the figure by 1 1, 2 2, 3 3, 4 4, and 
which may be supposed connected in the usual way with a 
crank, corresponding positions of which are 1, 2, 3, 4. 
The right-hand portion of the cylinder between the cover 
B B^ and the piston is empty. 

A and B are two bodies, of temperatures (absolute) Ti 
and Tg, capable of communicating to, or abstracting from, 
any body placed in contact with them, indefinite amounts 
of heat. 

Suppose the crank moving in the direction of the arrow, 
and initially let it be in the position 1, and let the pressure, 
volume and temperature of the gas be then pi Vi Ti respec- 
tively. Then, as the crank moves on, the volume of the 
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gas increases^ and if no heat were applied to it the tem- 
perature would fall: but this is prevented by placing the 
body A in contact with the cylinder, which is to be supposed 



Fio. 9 




a perfect conductor, so that the slightest depression of the 
temperature of the gas below Ti causes heat to flow from A 
into the gas, and thus the temperature of the gas is main- 
tained constantly at Ti. During this first operation, then, 
the gas expands at constant temperature, and the expan- 
sion curye 1, 2, in the indicator diagram above, is a common 
hyperbola. 

The expansion having reached some convenient point 2, 
the body A is to be removed from the cylinder, so that no 
more heat is received by the gas ; its temperature then falls 
instead of remaining constant, and the expansion curve 2, 3 
on the indicator diagram above is now an adiabatic curve 
given by P V^ = constant. This goes on until the piston has 
reached the end of its stroke and begins to return so as to 
compress the air again, and raise its temperature according 
to the same law by which it fell during the expansion. But 
this rise of temperature is prevented by the application of 
the body B, the temperature of which is T3, the tempera- 
ture of the gas at the end of the stroke, and which abstracts 
heat from the gas the instant its temperature rises above T3. 
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Thus the gas is compressed at constant temperature T39 and 
the compression curve 3, 4 on the indicator diagram given on 
page 91, is a common hyperbola. 

This compression goes on till the piston reaches a point 4, 
the position of which will presently be determined, when the 
body B is removed and the temperature of the gas allowed 
to rise. The gas is then compressed without gain or loss of 
heat, so that the compression curve 4, 1 on the indicator 
diagram given on page 91, is an adiabatic curve, li now the 
point 4 has been properly taken, the temperature of the gas 
at the end of the stroke will be Ti , and the gas having re- 
turned exactly to its initial state, the process may be repeated 
as many times as we please. 

The required point 4 is easily found thus : let jp2 ^21 j^ ^3> 
p^ v^ be the pressure and volume at the points 2, 3, 4, then 
since 1, 2, and 3, 4 are common hyperbolas, 

^ = ^ and ?? = -*, 
Pt "1 Pa ^t 

and since 2, 3, and 4, 1 are adiabatic curves, 

?* = ('Ay and ?i = (<Y 
Pt \»f/ Pi vj 

Hence multiplying all four equations together. 



f>i c. = t?j t?4 or — = — > 



Cj t?4 



that is to say — the ratio of expansion during the reception of 
heat must he equal to the ratio of compression during the 
rejection ofheaJty or since we equally have 






— the ratio of adiabatic expansion must he equal to the ratio 
of adiabatic compression. It is easily seen that each of these 

last ratios must be equal ^(ffr)^^ which determines their 

value when the temperatures Ti T3 of the bodies A and B 
are supposed given. 



— f 
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The first ratios mentioned, or, as we may call them, 
the ratios of isothermal expansion and compression, are each 
given by 

,.! = !!=:!!!? = fh\-^ /^»^ ?i 

/TA jy_ Pi 

and therefore depend on the ratio of greatest and least pres- 
sure employed as well as on the temperaturea 

Let us next examine how much work is done by this engine 
and at what expenditure of heat. 

During the operation 1, 2, the gas is receiving heat from 
A, and the quantity of heat it receives, according to the 
last article, is 

Q = cT,log. r, 

where r is the ratio of expansion. During the operation 2, 8 
which completes the forward stroke, the gas receives no heat, 
therefore Q is the heat expended in the forward stroke. At 
the same time the energy exerted on the piston by the gas is 
represented by the area 1, 2, 3, n} n. 

In the backward stroke the gas rejects the heat into B> 
and the heat so rejected is 

R = cT,log. r. 

At the same time the piston compresses the gas and does 
work upon it represented by the area 1, 4, 3 n^n; the 
engine, in fact, is single-acting, and a fly-wheel will be 
required to carry it through the whole backward stroke. 

The difference between these areas, namely, the area of 
the indicator diagram 1, 2, 3, 4, represents as usual the 
work done by the engine. We might calculate this area, 
but it is simpler to apply the principle of the cycle of 
operations, for since the gas returns exactly to its original 
pressure, volume, and temperature, we must have 

Work done = Q-R = c(T|- T,)log. r. 
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The efficiency is now found from tbe consideration that 
the heat expended is Q, 

Work douo T, - T, 



Eflicionoy = 



Ouut espundeJ 



Thus the efficiency of this engine is calculated by a very 
Bimple rule, which, moreover, is not only true for the simple 
construction, incapable of being practically worked, wMch wo 
have chosen for coDsideration precisely on account of its sim- 
plicity, hut likewise for any air engine, however conaplex, which 
receives and i-ejecta heat in the same way. For it was shown 
in Art. 29 that the work done hy a given quantity of elastic 
fluid is not dependent on the particular kind of machinery, 
bymeaosof which its espansive energy is utilized, hut eolely 
on its law of expansion, and tbe grade of expansion, while, 
as has been illustrated in the last article, these depend only 
on the mode ia which the floid receives heat. In the present 
case the fluid expands partly at constant temperature, and 
partly without gain or loss of heat, the ratio of expansion de- 
pending in the first case on the ratio of absolute temperatures 
of the hot and cold body, and in the second case also on the 
tatio of pressures admissible. If these two ratios are given, 
the power and efficiency of the engine will be just the same 
whatever its construction, if no part of the expansion takes 
place according to any other law. But, as before, this state- 
ment is subject to some qualification when a part of the ex- 
pansion is wholly or partly unbalanced. 

As an example, let m suppose that the tetnperatnre of the 
hot body is 660° Fahr., and that of the cold body 32° Fahr., 

then the efficiency is — rysj — = ■ 56, so that in this engine 

56 per cent, of the heat expended is transformed into 
mechanical energy. Tet this result is only attained at a 
heavy sacrifice, for the high temperature of 660° Fahr. is de- 
structive to the working t« = of 32° is 
hardly attainable ii Dund 
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Fig. 10. 



of air with pressures that are at all convenient in practice is 
80 small that the bulk of the engine is excessive. This 
maximum result of 56 per cent., though much greater than 
that found in the case of a steam engine, is nevertheless so 
low that we are led once more to the question as to the 
cause and as to the possibility of removing it 

37. The simple heat engine just coDSidered may be 
arranged to work in an indefinite number of other ways, 
one of which will now be considered as an example. 

Let us suppose that the body A remains in contact with 
the cylinder throughout the forward stroke, and the body B 
throughout the backward stroke, the indicator diagram will 
now be as shown in the figure. 
1 2 is an hyperbola as before, but 
now extends through the whole for- 
ward stroke, and 3 4 is also an 
hyperbola as before, but extend- 
ing through the whole backward 
stroke ; but 1, 4, and 2, 3, are ver- 
tical straight lines representing the 
sudden rise of pressure on contact with the body A, and fall 
of pressure on contact with the body B, at the conmience- 
ment of the forward and backward strokes respectively. 

To find the efficiency of this^ arrangement we have, as 
before, 

Q = c T| log. r = heat expended in forward stroke, 
B = cT, log.r = heat rejected in backward stroke, 

where the logarithms are supposed hyperbolic, and, as shown 
above, these quantities are also the work done upon the 
piston by the gas in the forward stroke, and upon the gas 
by the piston in the backward stroke, 

.'. Work done by engine = c (Tj — TJ log.r, as before, 

but the whole heat taken away from A, that is, the whole 
heat expended, is now no longer Q, because at the com- 
mencement of the stroke a quantity of heat K, (T^ — T3) has 





1 raising tbe temperature of tlie gas from T, 
to Tj, and we consequently liiive 

Heftt expended = Q + K, <T, - T,) 

= cT,lig.r+K,(T,-TJ 

c(T, -T,)log.r 

eT,l(.g.r + K,(T, -T^ 
_T^-T, 



1 + 



_K^ T,-T,' 
l«g.r' T, 



Thtig we see that the efficiency of this arrangement is 

less than that of the other, and we likewise see why it is so, 
namely, becanae at certain pointa in tbe process the gaa 
bos it3 temperature raised and lowered by contact with 
the bodies A and B, that is, thai it receives and rejects heat at 
temperatures serially different from the temperatures of A and S, 

There are two conceivable ways of lessening this loss of 
efficiency ; tbe first is by storing up the beat rejected dui'ing 
the cooliug represented by 2, 3, and employing it to prodace 
tbe rise of temperature represented by 4, 1. This has been 
done in actual air enginea by the contrivance called the 
regenerator, a device, which, but for radiation, would be a 
perfect remedy. The second is by inserting an auxiliary 
heat engine, receiving heat from the hot gas of the original 
heat engine after it has finiiihed its work in that engine ; 
tbe work of this auxiHary engine will be so much additional 
work done without any additional expenditure of heat. 

The remarks made in the former case apply also to this, 
the work done by 1 lb, of air and the efficiency of the engine 
do not depend upon the mechanical means by which the 
expansive energy of the fluid is utilized, but solely on the 
manner and degree in which the fluid receives heat. Hence 
in no engine of this kind can the efBciency exceed that of 
the engine previously considered. To prove this with 
respect to any possible engine will be the principal object of 
the next chaptor. 

ue Koder U referred to RankiiiB'f 

* Stoam Eogine,* chnp. iii^ RU^^^^^^^B^^KngiiieeTinK,' vol. xii, 
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38. Mechanical power is produced from heat through the 
agency of an elastic fluid, such as steam or air^ capable of 
assuming different yolumes under the action of heat and 
cold, and exerting mechanical energy on external bodies 
during such changes of volume. 

Obseryation of the action of heat engines, combined with 
reasoning of the same character as that already given in the 
case of steam and air, leads us to certain general conclusions 
as follows : 

(1) The changes consist in a continual repetition of opera- 
tions of the same kind, whether on the same mass of fluid or 
on a continual succession of exactly similar masses. 

(2) Each repetition includes, firsts a period during which 
the fluid on the whole increases in volume, and receives heat 
while exerting energy on a working piston ; seeondly, a period 
during which the fluid, on the whole, contracts in volume and 
rejects heat, while work is done upon it either by the working 
piston overcoming a back pressure, or by some special com- 
pressing apparatus, or by both these causes combined. The 
final result is that the fluid returns to the same state as 
before; that is to say, the changes constitute a cycle of 
operations or circular processes. 

(3) The energy exerted on the working piston, and the 
work done during compression, do not at all depend on the 
particular mechanism by means of which the changes of 
volume of the fluid are carried out, but solely on the quantity 
of fluid, and the nature of the changes it undergoes.. 

H 
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Hence a lieat engine implies, (1) a source or sources from 
which the fluid is supplied with heat; (2) a working pistoa 
or other means of utilizing the expansive energy of the 
fluid; (3) a refrigerator capable of abstracting heat from 
the fluid ; and (4) a compressing apparatus, in consequence 
of which the fluid returns to its original state ; and it is to 
be especially remarked that the contraction of volume and 
rejection of heat is just as indispensable as the enlargement 
of volume and reception of heat. 

The useful work done by the engine is the difference 
between the energy exerted by the fluid during expansion 
and the work done upon it during comprossiou; in some 
engines, as for instance the ideal air engines of Chapter IV,, 
the work done in compression is large, so that the useful 
work is a small fraction of the energy exerted ; in others, as 
for instance the steam engine, the work done in compression 
is comparatively small ; in all cases, if U be the useful work 
done, E the energy exerted, the work done in compression, 

D = E - 0, 
where the ratio E : C may have any value according to the 
nature of the fluid. 

But, further, the useful work done is also the work-equi- 
valent of heat which disappears during the process; that ia 
to say, the heat supplied by the source or sources is greater 
than the heat abstracted by the refrigerator exactly by the 
equivalent of the useful work done, so that, if Q be tbe heat 
expended, K the heat rejected, we have necessarily, 
D = Q - B. 

The ratio Q : B, however, is not capable of variation in the 
way that the ratio E : C is, according to the nature of the 
fluid ; on the contrary, it will be flh^WD that, whatever 
the fluid be, that ratio will alwa' i same value 

provided the changes of state a certain 

prescribed law. Hence the 'ngine 
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is to a great extent independent of tlie nature of the fluid, 
just as much as of the mechanism of the engine (see Art. 29), 
being chiefly dependent on the way in which tlie fluid is 
supplied with heat, and whatever the engine be, a large 
amount of heat always passes into the refrigerator, being 
merely conreyed there from the source by the agency of the 
finid. 

In the present chapter I shall suppose that the supply of 
'heat proceeds from a single source of given fixed tempera- 
ture. 

39. Eetuniing to the first arrangement of air engine 
(Fig. 9) explained in the last chapter, and supposing the 
crank to be initially in the position 1, let the engine 
turn in the opposite direction to that indicated by the 
arrow, neither A nor B being in contact, the air will ex- 
pand without gain or loss of hent, and the adiabatic curye 
1, 4 will be described on the diagram. As soon as 4 is 
reached, let the body B be applied to provent the tempera- 
ture from falling below Tg ; heat is continually abstracted 
from B, the hyperbola 4, 3 is described on the diagram. 
Now removing the body A, the piston returns, and the 
adiabatic curve 3, 2 is described ; and, finally, applying A 
to prevent the temperature from rising above T,, the hyper- 
bola 2, I is described, heat all the while passing from the 
air into A. 

The whole process, and every step of it, is now precisely 
the reverse of what it was; a heat B is abstracted from B, 
and a beat Q passes into A, whUe, instead of the engine 
doing work on external bodies, some force must be applied 
to the crank which in each revolution will do the work 
Q — R. And thu«, instead of heat passing from A to B, 
and during its passage a part of it being converted into 
mechanical energy, we have, conversely, by application 
of mechanical energy, heat passing from B to A, and 
during its passage mechanical energy converted into heat. 

H 2 



100 FERFECT HE 

In sliort, the process is reversible, not only in its finnl result, 
bot iu each of its successive steps. 

The characteristic of complete reversibility, possessed by 
certain kinds of heat engines, is of the highest importance, 
as will be seen presently ; in order that it may exist, two 
principftl conditions are necessary, and probably sufficient. 

In the first place, the reception of heat from the source, 
and the rejection of heat into the refrigerator, must take 
place at temperatures differing insensibly from those of 
the bodies themselves. For example, take the case of the 
second arrangement of air engine described in Chapter IV., 
and suppose that engine worked backwards, then, instead 
of the heat o T, log. r + K, (T, - T^) being taken from B, 
and the heat c Ti log. »■ + K. (T, - %) being added to A, 
as would be the case were the process to which the air is 
sabjected exactly reversed ; it will be found that the beat 
taken away from B will be o T, log, r - K, (T, - T3), 
and the heat added to A, c T, log. r - K, (T, - T^), so that 
although the same amount of energy is applied to work the 
engine, as was given out when the engine worked forwards, a 
less amount of beat flows from B to A than originally passed 
from A to B. 

In the second place, in order to secure reversibility, it is 
necessary that the expansive force of the fluid should be 
exactly balanced by the resistance which is being overcome. 
If it should be greater than the resistance, then the excess 
takes effect by generatiog kinetic energy iu the particles 
of the fluid which are thrown into violent motion. In order 
exactly to reverse such a process, it would be needful to 
direct the motion of the particles so as to compress the 
fluid again without the application of any other external 
force than that originally overcome when the fluid ex- 
panded. Such direction is obviously impossible, nor is it 
less impossible to set the particles of fluid in motion by the 
direct action of heat reversing the process by which kinetic 
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euergy is transrorined iuto heat by fluid friction; bence 
unbalanced expansion is necessarily irreversible. Wben, for 
instance, the exhaust is opened at the end of the stroke 
in a steam cylinder, the steam rushes violently into the 
condenser, and the greater purt of its expansive energy is 
employed in generating kinetic energy, which is afterwards 
changed into heat by fluid friction; to take hold of the 
imrticles of steam, and direct their motions so as to cause 
them to enter the cylinder again without the application 
of pressure, is impracticable, even were it possible to set 
them in motion by the direct action of heat, and the 
ordinary steam engine in which the expansion is incom- 
plete is consequently irreversible. 

40, Whether precisely reversible or not, however, a heat 
engine may bo conceived to work backwards, as has just 
been illustrated in the simple cases of Chapter IV., and, 
when it does so, the original source of heat plays the part 
of a receiver of heat, and the original refrigerator becomes 
a source from which beat is derived. Hence, by a proper 
application of mechanic-al euergy, heat can be taken away 
from a body of low temperature, and supplied to a body of 
high temperature. 

Now this is essentially an artificial or nou-natural effect ; 
when we speak of one body as hot, and another as cold, no 
other meaning can be ascribed to these words than that 
heat tends to flow from the hot body to the cold one, and 
will certainly do so if no external cause prevent ; much 
more then are we justified in saying that in the natural 
order of things heat will not pass from a cold boily to a 
hot one, but only under the influence of some external 
agency. This is expressed in formal terms by tie annexed 
statement of the second law of thermodynamics. 

Heat cannoi pass from a cold body to a hot one hy a purely 
sel/'ocliiv/ process. 

It is esf hat enormous consequences the denial 
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of this principle" would iuvolve in the theory of the eteam 
oDgine, for all the heat expended in the boiler which ia not 
transformed into mechanical energy — that is to say, at leaat 
flve-sisths of the whole amount — appears in the condeneer 
being employed in heating the condensation water, and if 
it were poBsihIe by some self-acting contrivance to cause 
that heat to flow from the condenser into the boiler, it ia 
manifest that the said five-sixths of the consumption of 
heat might be saved. It is certain, however, that this is 
impossible, but that to cause the heat to Itow from the 
condenser into the boiler we roust have recourse to some 
artificial process which, like working a heat engine back- 
wards, involves in some way or other, directly or indirectly, 
the expenditure of energy to as great or greater amoaut 
than we can recover by utilizing that heat in the boiler; 
and the second law of thermodynamics merely amounts to & 
statement of this impossibility. 

By aid of this law we are able to prove an extremely 
imporhint theorem, known as "Camot's Principle," which 
may be thus enunciated : 

Tlie efficienet/ of aU reueratWe engines, working hdween given 
lintits of temperaiure, is Ike same. 

For, let us imagine two engines, A and B, of which in the 
first instance we suppose E reversible in the sense explained 
above, and lot the power of these two engines be the some, 
then the engine A may be employed to drive the engine B 
backwards, and the combination of the two engines will be 
self-actmg, requiring no energy derived from without to 
drice them, but continuing in motion (neglecting friction) 
for ever when once set going. Let Q^, R^ be the heat ex- 
pended and rejected respectively by the engine A, and let 
Q, Il„ be corresponding quantities for the engine B, so that 
by A the heat Q, is taken from the hot body, and the heat 
Ei added to the cold body, while by B the heat Q, is added 
to the hot body, and the heat B,, taken away from the cold 




body. Then the final result of the working of the combina- 
tion is that Qj — Q„ haa been taken awayfrom-the hot body, 
and B^ — Hj has been added to the cold body. But since 
the power of the engines ia the same, 

Q.-Ki = Qb-Bb, 
. Qi - Qd = Ba - Bb ; 

eo that the result of the working of the combination is that 
an amount of heat Q^ — Q„ has passed from the hot body to 
the cold one. Now, since the combination is self-acting, the 
second law of thermodynamics tells us that Q, cannot in any 
case be less than Q,, but must be either equal or greater, for 
if Q, were the greater the heat Q„ - Q^ would pass from a 
cold body to a hot one through the agency of a self-acting 



machine. But, the effii 



of the engines are - 
of which fractions the numerators a 



equal. 



and hence we learn that the efficiency of the engine B cannot 
be less though it may be greater than that of the engine A. 

Next imagine not only the engine B, but also the engine 
A to be reversible, and suppose the direction of the combina- 
tion reversed, bo that B woiks forward and A works back- 
ward, then manifestly the same reasoning shows that the 
efficiency of A cannot be less but may be equal to that of B, 
and consequently when both A and B are reversible we must 
conclude that their efficiencies must be equal. Moreover, 
we conclude that the efficiency of an irreversible eogine 
canuot bo greater, so that an engine which is reversible 
is also an engine of maximum efficiency. In fact, an engine 
which is not reversible has probably always a lower efficiency, 
OS in illustrated by the example of the last chapter, and 
shown more fully presently. 

Now, in the last chapter, we considered the case of an air 
engine which was shown above to possess the special cliaroc- 
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teristio of reversibility^ and we found that its eflSdency was 

T — T 

-^1^ — ^ where Tj T3 are the absolute temperatures of the 

hot and cold body respectively ; and we, therelbrey conclude 

that every engine which is reversible must have an efficiency 

expressed by this formula, and, moreover, that no non- 

roveisible engine can have a greater efficiency. 

The same result may be expressed somewhat differently 

thus: since 

T,-T, 



Q-R=U=Q. 



T, 



^ t,"t.'"q-t/ 

lliAt b U> $iiiT^ when heat is ea^iended in working a reversible 

T 
^t^ti^i^ th^ {huolion =r merely passes through the engine 

*^\ 

i^^^x iHi^ ^^Mifvy Ik> the refrij^eritor, while, if the engine be 
«^>KHN^xv«^Kh\ ih^ fejiclk«i in queslioD is still greater. 

4lx WV OMi VK>w $l»le oeftain gi»ieial conclusions re- 
*)vs^in^ th^ Avti^w I'tf keiftt <eiigiiies of inaTimnm effidency, 
hsTv <m^ >Kt^ iNi;!^ ij'j^prMis it^ of Pkrhdct beat engines. 

KiH'^ it^vtition of the indies of diai^ges which the fluid 
nwiKMr^vi^ inoludos fomt pmoidk 

\l^ Kvf'mm^ti^ At oc«s(tsiuGit tempenatore aooompanied by m 
«t>^v|MJhN«i \>f K^t ftvm tW soai^c^ 

01l!^ Kv|VMiii^>ii at CUliiur te>apenanii^ vnlioiil gmui or loss 
ssfWuits 

^^> <\n«^|V(V^k%'«i At <v«iieM^t t«npiNnatiii« acraaqMuued by 

^4\ ^\NVA|V(y>iMtkvii «t t«u^r tmqpienatwe witlMNit g^un or 

t^ tW ^JI>AM^ ^^^Mv «^ >iriU li^ exflaaifteid totlwr on sore 
^^^ s tl^ t^ tv^^tl i^ titiil of l3)^ ^Ti|>K«akn of fbe w«ler 

iM ^^t WT wn^ A w wuil iim ii ttli^ MnAeusr, wUle Ike 
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fourth is that of forcing the water into the boiler ; bat inas- 
much as the ordinary steam engine is not a perfect engine, but 
can only be made so by certain ideal arrangements to be ex- 
plained £Etrther on: none but the first satisfy the needful 
conditions for maximum efficiency, and even the first is 
usually imperfect in practical cases. 

Let now Ii be the internal work done during the first 
period, and Ei the energy exerted on the working piston, 

then 

Q = I, + E, ; 

so, if I3 be the internal energy given out during compression 

in the third period, and C3 the corresponding work done 

upon the fluid, 

R = l, + 0,. 

In the second period a portion of the internal energy Ii 
stored up in the fluid in the first period is utilized in per- 
forming external work by expansion: while, in the fourth 
period, energy derived from external sources is employed in 
compressing the fluid and increasing its store of internal 
energy. 

The result obtained at the end of the last article may be 
written thus : 

T» " T, ' 

that is to say, although the internal and external work may 
vary greatly according to the nature of the fluid, yet they 
are not altogether independent of each other, but must 
satisfy the above equation which furnishes a restriction on 
the possible variation of constitution of fluids. 

In the case of air the quantities Ii I3 are zero, since no 
change of internal energy takes place when perfect gases 
expand or contract at constant temperature, all the heat 
received or rejected being represented by the energy e^erl 
or work done ; hence, 



■*.«■ m '* ^^ 




^ Jt tJtaAtx Wirt iir ia^ i 
MM'Aut^ ^MC %ivm ip*'*SL, w5L anroiaai, but iue »iug'fcfcii 

4M*>^. t^ £n«f tiwt 9%Mv M311KZ' if nws s «ves; hal 

/««f^M(/ i/fMti^ '4 »mt0<x. U UAj bi ti<» >-/ B.^ ^nin, if 

'/^ »4i Mi0m M^tut '^ Iblliftj; wnUr, wbkh ftlujCQgfa &r 
^'rf« \i^tiHi4, )« fmv*>fiifUm m tar tn»e « u. te =ome help in 
Iti'- iimi^uimm^Hi i/ftiiM UUm» iff 'iO/Mifm. 

\l, itt'ln* Ui\ifnl\wm »(W(f»(i()|/«I imrrfiy \/j means of heat, we 
liiii»t ill (l(« flMf (*liMU< (wf'i Ic/"))'* '/f different temperatures, 
N)l<"«< hII i<liMrit('<« ((MMliiffi'l If}' Imut ure due to the passage of 
Uml tliim nm IfiHly Ui umilUiir, tor whicb patutage difference 
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of temperature ia aa iadispensa'ble condition. In the second 
place, in addition to the hot body or source of heat, and the 
cold body or receiver of heat, we must have a third inter- 
mediate body, by the agency of which heat ia transferred 
from the hot body to the cold body, and through the changes 
of volume of which mechanical energy is exerted. If no 
such third body exist, the heat simply passes from the hot to 
the cold body without doing any work, and, when once it has 
done so, the second law juat enunciated tells ua that the 
opportunity of doing work which might have been utilized 
has been irretrievably lost. 

Now, when work ia done by means of falling water, it is in 
the first place necessary to have a fall, that ia, a passage of 
water ^m a high level to a low level, and in the second, a 
suitable machine to receive the falling water, and transfer it 
mechanically from the high level to the low level ; if no 
such intermediate agency exist, the water deacenda indeed, 
joat as the heat Sows from the hot body to the cold one, but 
none of the energy of the falling water Is changed into useful 
work. 

Hence heat may be described as descending from a high 
temperature to a low one and doing work by the agency of 
steam or air in the course of its descent, while the power of 
doing work by such descent, if not properly utilized, ia lost in 
the water-power engine, just as in the beat engine. Hence also 
the conditions of perfect efBciency may be described in terms 
to a great extent identical. For in the water-power engine, 
in order that every particle of the energy of the falling 
water may be employed in useful work, the transfer of the 
water from a high level to a low level must be wholly pro- 
duced by the artificial agency of the water wheel; if the 
water pour from a certain height on to the wheel, or pour ofl' 
the wheel on to the lower level, the difference of level thus 
represented is wholly or partially wasted. So in the heat 
engine, if the beat descend from the source to the steam 9 
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air, or from the steam or air to the cold body, through a 
BenBiible ioterval of temperature, then the difference of tem- 
perature in question, wbit-h might have been utilized, is 
wasted, or, in other words, for maximum efficiency the steam 
or air must receive heat at the constaut temperature of the 
source of heat, and reject it at the constant temperature of 
the cold body or receiver of heat. And still further the con- 
dition of maximum efficiency of a water machine may be 
described as consisting in the machine being reversible, 
for that condition consists in the water entering the 
wheel without shock, and leaving it without velocity, a con- 
dition which, if exactly Batiafied, would enable ua by revers- 
ing the motion of the water wheel exactly to reverse the 
process to which the water is subjected, raising it without 
loss of energy from the low level to the high level by means 
of energy drawn from external sources. An imperfect water 
wheel may in like manner be described as non-reversible. 

The parallel bore draivu is due to the celebrated Carnot, to 
whom we alao owe the conception of a reversible heat engine : 
but it applies more completely to Camot's conception of the 
actionof aheat engine than toils true action as now understood. 
Carnot was a believer (like most persons of his time) in the 
material nature of heat, and hence, when he speaks of heat 
descending from one level to another, none of it is regarded 
as disappearing in the process, but the work done is con- 
ceived as done at the expense of the diflerence of tem- 
perature : heat of high temperature possessing more energy 
(to use the language of modem science), than heat of low 
temperature. We now know that this is not so, the mechanical 
equivalent of the heat in the condenser of an engine is just 
the same as that of the heat in the boiler, and hence difference 
of temperature does not in itself constitute energy, but is 
merely an essential condition, that heat may be changed into 
work. But although temperature is not in itself energy, yet 
it is temperature which gives to heat its v*'-" 'ir all useful 
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pnrpoaeB, so that the parallel in qaestion still to a great 
extent hoMs good. The parallel is by some writers made 
closer by the introdncUou of certain ideal quantities called 
" heat-weights," foiiud by diviiling quantities of beat by 
the corresponding absolute temperatures, but the " heat 
weight " appears to me such a purely artificial couception, 
that 1 have not thought it desirable to iatroduce it here. 
{See Chapter VIII.) 

43. Ad additional help towards the comprehension of the 
principles I have been trying to explain occurs in considering 
the action of the steam and ether engine actually used for 
marine propulsion, and only abandoned on account of the 
practical diiEculties involved. 

Ether is a fluid which evaporates and produces vapour of 
considerable pressure at tempevatnres not exceeding the tem- 
perature of an ordinary condenser. Accordingly, the surface 
condenser of a steam engine may he used as the boiler of an 
ether engine, which will do work without the expenditure of 
any heat, except that furnished by the exhaust steam of the 
eteam engine; the work so done will be so much clear gain, and 
the efficiency of the combined steam and ether engine will he 
greater than that of the eteam engine alone. Now the 
reason of this is clearly that we make use of the difference of 
temperature, otherwise wasted, between the condenser of the 
steam engine and eurrounding bodies. 

So again the hot gases of a furnace have a very high 
temperature, far higher than the temperature of the 
steam boiler by which the heat is utilized. If then we 
imagine a fluid to exist which, evaporated at or near that 
temperature, produces vapour of considerable pressure, 
then that fluid might be used in an auxiliary engine, 
which received heat from the hot gases, and rejected heat 
into the steam boiler, which would servo as its cx>ndenf 
In such a case the work done by the combination and the i 
expended would be increased by ajual quantities, and 
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efficiency would consequently be greater than that of the 
simple steam engine. 

Such auxiliary engines may involve practical difBcultiee, 
rendering them incapable of being brought into practical 
use, but their conception alone is sufficient to enable us to 
see how completely the power of a beat engine ia dependent 
on difference of temperature, and how certain it is, that the 
greater the difference of temperature the more efficient the 
! must be, other things being equal. Moreover, we 
can see that every time difference of temperature is wasted 
efficiency is wasted, or, in other words, that among the con- 
ditions of maximum efficiency must be those already stated, 
namely, that the steam, air, or other fluid musi receive heai ai 
the constant temperature of tJie source of heat, and reject heat 
at the constant temperature of the receiver of heai. To put 
the same thing in other words: wo must utilize, as far as 
possible, every available difference of temperature, just as in 
the case of an hydraulic machine we carefully utilize every 
part of the available fall. 

The other condition, previously stated to be included in 
reversibility, has not perhaps been absolutely proved to be in 
all cases indispensable to maximum efficiency, but no doubt 
in all practical cases it is necessary that no part of the ex- 
pansive energy of the fluid should be converted into kinetic 
energy by wholly or partially unbalanced expansion. 

Every possible condition of whatever kind, however, is 
always included in the one word reversibility; every heat 
engine, which is truly reversible, will bo of maximum 
efficiency, though it may be difficult to prove conversely, 
that the efficiency of every conceivable non-reversible engine 
is necessarily less. 

Much difference of opinion has existed, and still does exist, 
as to the best mode of statement of the secontl ' " " 'hermo- 
dyn&mics and its consequences, but th*" 
now be considered beyond cout 



PERFECT HEAT ENOINES. 



Ill 



Clerk Maxwell remarks, ' Theory) of Heat,' p. 153, those facts 
are of far more importance than the particular form of words 
in which they are embodied. The results will be further de- 
veloped iu a later chapter (Chapter VIII.), but for further 
ittformatioD on questions of principle I must refer to Professor 
MaxweU'a work just cited. 

44. Let us now imagine the temperature T, of the hot 
body, or source of heat, to be divided into n equal parts, and 
let ua imagine a quantity of heat Q to flow from that body 

to a second body, the temperature of which is T,/! J, 

then our results show that a quantity - of mechanical work 

is capable of being produced, and that coaeequently, if such 

-1 



conversion be effected, the quantity of heat - 



. Qwill 



pass into the second body. Now imagine a third body, the 

temperature of which is Ti ( 1 Y and let this heat pass 

from the second body to the third body ; then the heat 
capable of being turned into work is 



that 



.Q 



This process may be continued i 



definitely, and we thus see that — J^ the temperature of a 
sovree of heat be divided into any number of equal parts, i}ien 
the effect of each of these parts t'n cavsing work to be performed 
is the same. 

It is in this form that Banhine enunciates the second law 
of thermodynamics, and hia view may be illustrated by the 
analogy just considered between the difference of level, which 
causes work to be performed by an hydraulic machine, « 
the difference of t6m[>eratnre which causes work to be pt 
formed by a heat engine. Each foot of fall in a wat^r whe< 
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is equally effective in doing work by means of the water 
wheel, and jast bo each degree of temperatnre passed through 
dnriDg the passage of heat from a hot body to a cold one is 
equally effective in caosing work to be done by a heat engine 
working by means of this beat. 

The temperatnres in question are, as our investigation 
shows, to be measared on the perfect gas thermometer, which 
is therefore entitled to be considered as a definite measure of 
temperature. Temperature, being by its nature incapable 
of direct measurement, can only be measured by consider- 
ing some physical effect which difference of temperature 
produces: thus the ordinary mode of measurement is, by 
observing the expansion which bodies undergo when their 
temperature is raised. This, however, is inconvenient for 
scientific purposes, since no two thermometers give exactly 
the same results ; for instance, the mercurial and air thermo- 
meters, if graduated to indicate correctly the temperatures of 
melting ice and of water boiling under a given pressure, 
will be found to differ at intermediate temperatures. We 
must, therefore, consider some other physical effect due to 
difference of temperature, and the only one known to he 
independent of the particular body operated on is the power, 
of which we have just been speaking, which difference of 
temperature possesses of converting heat into work. If 
equal intervale of temperature be understood to mean equal 
capability of converting heat into work, we get a scale of 
temperature, which may, with propriety, be called dbaoluie, 
and which, as our investigation shows, coincides with that of 
the perfect gas thermometer, that is (sensibly) with the air 
thermometer ; and the term " absolute," already applied to 
temperature measured in this way, is hereby justified,* 

• It may bere be noticed tliut it wm not nbeolutslj nweamrf to Imre 
■luted in Cbaptfr IV. the aecood chamcteristia of a perfectl; gueoiia body, 
□nmel;, that nil auoh bodiOB expand alike; it irould liBTe been sufficient for 
the purposes of the argmnont to atate the three other laws to which the; nlB 
•ubjecl. The eecoiid law then bccomei Bn experimental veridcntion of 
Oaroot'i principle. 
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Perjo 



of a Perfect Heat Engine. Ajtplicaiion to the 

Steam Engine. 

45. Thas we see that if a heat engine be perfect, its 

T, - T, 

where T, T, are the temperaturee 



mciency i 



T, + 461 

Fahrenheit, between which the engine worka ; or if TJ be the 
work done in a given time, Q the heat expended in the same 
time, 

^ T, - T, ' 

heuce tlie expenditure of heat per H.P, per minute is given 
by 

Q = 42-75 . ^^■'1;*" . Cthemal unite), (I) 

a formula which gives the least amount of Iieat necessary to 
produce the given power, 8o long as we are restricted to work 
within the given limits of temperature. Let us now consider 
what those limits of temperature are in the ease of the steam 
engine 

The inferior limit T] can in no case be less than the 
temperature of the atmosphere, and in the case of the con- 
densing steam engine may be taken as 100° P., which is 
about the temperature of the condenser. Du Tremblay, 
indeed, has virtually lowered this temperature to 60° F,, or 
thereabouts, by the addition of an ether engine, working 
between the temperature of the exhaust steam and the 
temperature of coudensattou of ether ; but on account of the 
practical difficulties attending the use of ether, this plan is not 
likely to come into ordinary use. In the non-condensing 
steam engine, Tj is the temperature corresponding to the 
atmospheric pressure, that is to say, 212° F. 

The superior limit T, io a simple steam engine, ia the 
temperature of the boiler ; for although the hot gases of tb" 
furnace have a vastly higher temperature (say /), yel 
power of turning heat into work, due to the dilfereni 
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temperature ( — T,, cannot be realized by tlic arrangements 
of an ordinary steam engine. In order to realize it, it would 
be necessary to have a fluid whifh evaporates at a tempora- 
ture t of say 1000^ F. and condenses at a temperature a little 
above that of an ordinary steam boiler. Such temperatures 
are impracticable in practice, and hence the superior limit 
must ba as stated the temperature of the boiler. 

The annexed table shows the j.>erformanee of various de- 
scriptions of ferfect beat engines working under various 
circumstances, and in the case of the eteam engine also the 
minimum conaumption of ste^m needfnl per I.H.P. per hour 
calculated from the formula 



60Q 



(2) 



where Q is the expenditure of heat per minute found by (1) 
and H, — Afl is the total heat of evaporation of water from 
the temperature of the teed, at the temperature of eva- 
poration. 

The consumption of cool will of course depend on the 
quality of the coal and the efficiency of the boiler. In seek- 
ing a theoretical limit to the amount of power which can be 
produced from a pound of coal, it is perhaps proper to con- 
sider the e£Sciency of the boiler unity, in which case if we 
adopt pure carbon as the standard quality of coat, the con- 
sumption will be given by 

The total heat of combustion of actnal coal is sometimes 
nearly 10 per cent greater than that of carbon, but is more 
often less. 

The table, then, shows the consumption of a perfect engine 
and boiler onder the circumstances indicated : to provide 
for losses connected with the boiler from 30 to 50 per cent, 
must be added to the numbers given. 
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Perfobmande or « Pbrfbtt Heat Emqine. 
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When a superheater ia used, the superior temperature will 
of course be that of the superheater, which will not then 
correspond to the boiler pressure. 

The sixth column shows the eiSciency, from which it 
appears that, in the best possible steam engine, unless the 
steam be superheated considerably, at least two-thirds of the 
whole heat expouded is wasted, the waste arising from no 
fault in the construction or nature of the engine, but solely 
from the narrow limits of temperature within which we are 
restricted to work. To obtain a better result it will bo 
indispensable to overcome in some way or other the 
practical dif&cultiea which exist in employing unusual tem- 
peratures. 

Again, the consumption of steam in a perfect steam engine, 
as shown by the fourth column, is much lees than that ( 
actual engine under the same circumstances, showing 

I 2 
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fiinlts ill the construction of the engine or tlie treatment of 
the steam must exist, which, at least theoretically, are re- 
luediable. This is shown in a striking manner by comparing 
the performance of a perfect engine working at 95 lbs. per 
square inch absolute, with that of the same engine working 
as in Chapter III. (page 58). Here the boiler pressare is the 
samo and also the condenser temperature, yet the consamp- 
tion of stentu is even at the greatest expansion theoretically 
available 13 lbs. of steam per I.H.P. per hour instead of 8"1 
as in the perfect engine. The exhaust waste is here not 
included, and the loss arises from improper application of heat 
and excess back pressure, as will be explained fully in a later 
chapter. 

The table further shows that the gain by the Dse of et«am 
of high pressure is not very great, because the temperatnre 
of steam at high pressure increases but slowly with the 
presaupo. The thooretical gain by the addition of a con- 
denser on the other hand is very large, but it will be seen 
hereafter that the condensing engine is a much more im- 
perfect machine than the non-condeusing, so that much of 
that gain cannot be realized in practice. Indeed it may bo 
stated generally that the wider the limite of temperature the 
more difBcult will it be to approach in practice the theoretical 



46. We will now consider the case of a steam engine 
working onder conditions of maximum efficiency. 

The figure (Fig, II) showsthe indicator diagram of an engine 
of maximum efficiency, X being the line from which pres- 
sures are measured, and O Y the line from which volumes 
are measured. At the point 1 the pressure and volume of 
1 lb. of water in the boiler are represented, which water 
during admission is evaporated at constant pressure, as 
represented by the straight lino 1 2, the other extremity 2 
of which represents the pressure and volume of the et 
produced. The steam is then cut o£f, and expausioa< 
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place without gain or loss of heat till the pressure has fallen 
to 3, which must be supposed the pressure in a surface 
condenser. At the end of the stroke the piston returns^ and 
condensation takes place under that same constant pressure. 



Fio. 11. 




So far the diagram is exactly the same as an ordinary 
indicator diagram, in which expansion has been carried to 
its extreme limit, namely, till the pressure has fallen to the 
pressure of the condenser. But now, instead of the conden- 
sation being complete, we must imagine it stopped at a 
suitable point 4, and the mixture of steam and water com- 
pressed without gain or loss of heat until it becomes once 
more water of the pressure and temperature of the water 
in the boiler. Then, if we suppose the condensed steam 
returned into the boiler, the process may be repeated indefi- 
nitely. The diagram is drawn to suit the particular case in 
which the engine is working between the temperatures 302° 
and 212^: the possibility of the supposed operations and 
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Calculation of (lie Denaiiy of Sieam, 
47. A detailed comparison between the operation of a 
perfect steam engine and the steam engine as it actually 
exists will be instituted in a later chapter : for the present 
I postpone it, and shall conclude this chapter by showing 
how the formula just giTen is applied to calculate the density 
of st«am. 

In Table la the pressure in lbs. per square inch is given 
for any temperature, and, besides, the rise of pressure for 1° 
rise of temperature. By multiplication by 144 we get A P, 
when A T = 1°, and by the addition of two consecutive 
results the value of A P is obtained for 2^, corresponding 
approximately to the intermediate temperature: but L is 
known from Begnault'sesperiments,hejicov— sis determined. 
For example, to calculate the volume of 1 lb. of steam at 
a pressure of 25 lbs. on the square inch. Here the corre- 
sponding temperature is 240" Fahr., and the value of A P for 

3° is 

dP = (-1SB+ -452)144 = 131 lbs. on the sqniiro fool : 

also by Table Hi the latent heat of evaporation per lb. is 

L = 730,700 - 550 = 730,150 ; 

therefore, using the formula found above, 

,»w.. .^_ 730.150x2. 



whence putting « = '016 we get to two places of decimals, 

r = 15 ■112, 

closely agreeing with the result given in (he density table. 
To obtain very accurate results by this mctho<l it is necea- 
sary, in order to obtain a more approximate value of A P, to 
use » fo'-niula derived from one of the formula representing 
f between pressure and temperature, instead of 
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resorting to the table, because the differences are not given 
by the table with sufiScient accuracy and (especially at high 
temperature) the interval of 2° is not sufiSciently small. This 
is further explained in the Appendix. 

It is by this method that the density of steam is found by 
calculation as mentioned in Chapter I. The possible errors 
in the calculation are as follows : — 

(1) The mechanical equivalent of heat is taken as 772. 
As stated in Chapter II. this value is certainly very ap- 
proximate, and there is good reason to believe that the 
maximum possible error here is less than one-half per cent. 
From the formula it is clear that the calculated values of 
the density of steam are all in the same proportion subject to 
any error occasioned in this way. 

(2) The temperatures were measured by Begnault in his 
experiments on a thermometer of real air, whereas in the 
formula temperatures are measured by a thermometer in 
which a perfectly gaseous body is used. The error here 
cannot be estimated precisely, and will be different at dif- 
ferent parts of the scale : but there is reason to believe that 
such error is very small. Also the position assumed for 
the absolute zero is open to possible error not exceeding 
a degree. (See Appendix.) 

Subject to these observations the density of steam is cal- 
culated with the same degree of accuracy that Begnault's 
experiments were made; and although no calorimetrieal 
experiments can be expected to be free from minute errors, 
yet it is certain that the accuracy actually attained was very 
great: so that the density of steam determined in this way 
must be within (probably we may say) one per cent, of the 
truth for steam of the same degree of dryness as that expe- 
rimented on by Begnault The precautions taken by 
Begnault to secure dry steam were explained in a former 
chapter, and it is probable that the steam from an ordinary 
"^xxiler is usually not free from suspended moisture, in 
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which case its latent beat will be leea and its denaity greater 
as before atatetl. 

The densities of steam at different pressures are tabu- 
lated by Itunkine in his nork on the Steam Engine; they 
differ by minute c][uantities from the results given by con- 
tinental writers who mostly base their work on Claiisiua' 
investigations made independently at about the same time. 
The densities given in Table III., and certain quantities in 
Table IV. dependent on them, are derived from Hankine's 
results, as more exact values are not attainable in the present 
state of our knowledge. It is much to be wished that a 
further direct esperimental investigation should be made of 
the density of steam. 

In Chapter II. the internal work done during evaporation 
at constant temperature was expressed by means of an 
equivalent pressure on the piston, calleil, for brevity, the 
" internal - work - prcsguro." The same equntion which 
furnishes the density of steam likewise furnishes the value 
of this pressure. For let P be this pressure, then 



Iiitomul Work = 


P (. - .>; 


ExUrn J Work = 


PC-.)! 


Heat Expended = 


I-i 


(P -W P) (0 - = 


(P + Pl.J 


^-W 


-P, 



an equation which furnishes an easy means of calculating P, 
which, it will be observcl, is just the same whether the eva- 
poration bo partial or whether it be complete : that is to say, 
the values of F are not subject to any such uncertainty as 
may be considered to exist respecting the density of steam, 
cept that the scale of Eegnault's air thermometer is sup 
' identical with that of a perfect gas thermometer, 
■le y. gives the iuternal-work-pressure during evapors 
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tion at rarions constant [)res8iire8 io lbs. per equare toot aod 
Iba, per square inch, together with tlie differenced needful for 
interpolation. It has been calcnlated from a formula derived 
from Eankine's formula for the presaure of eteam (see Ap- 
pendix), but a result in close agreement may be obtained 
by the use of Table la together with the formula jugt now 
given. 

The ratio P : P is given in another column of the same 
table, it is the number denoted by k in Chapters II. and III., 
and given in Table IIL, for various temperatures. This ratio 
may likewise be obtained direct from Table la, for from the 
above equation 



T AP 



whicli may also be written 



■ i (log- T) ~ 



4 



Numerical examples will be found at the end of the table. 
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. CHAPTER VI. 

GENERATION OF STEAM IN A CLOSED BOILER. 

48. The question of the evaporation of water in a closed 
vessel lias been already considered in the simple cctse in 
which the quantity of water is so small in proportion to 
the size of the vessel that all the water can be converted 
into steam without producing excessive pressure. It was 
then shown that the heat required completely to evaporate 
the water could be found without difficulty ; but it was not 
shown how to find the heat required partially to evaporate 
the water, a case of some interest, involving as it does the 
expenditure of heat in getting up steam to a given pressure 
in a steam boiler, and the rate at which the pressure will 
rise when the safety valves are fastened down and the engine 
is standing. 

Let the water-room in a boiler be m times the steam- 
room, then if 8 be as usual the volume of a pound of 
water, it is clear that for each cubic foot of water in the 
boiler before sensible evaporation commences there will be 

1 + — cubic feet of total room for water and steam together, 

and the volume of 1 lb. of water and steam together must 
therefore be 

m 

which volume remains constantly the same during the whole 
operation. Now it has been already shown, in Art. 12, that 
when water is partially evaporated at constant pressure, the 
internal work done, reckoned from water at 32°, is 

I = A + P(V-5), 
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<^mc P id the iuleroai-work-preseore in lbs. per aqoaze (bot, 
V cs ibti vaJame uf I lb. of liie mixtnrp of steam, and water, 
md A hM tin astal meaniDg. Subetifnttng for Y 
l=4+* p. 



■k grna tile iatMnal work done in pnxhidiig 
1 lb. of the TWifrr from wster st 32'', when the procew 
tabw plMs M flHMtnikt presaoie. Bat it has bem le- 
pnya,!^ ggplafagiil tlurf the §une amoant of mtemal wo^ 
« ibMk hW TO r tbe pioc«s8 of eTapontiaii is ODndiiBted, 
Mht liww lb w v siBDe in the pm«Lt case no external work is 
toll, thi* fortuaU ^res for eavh lb. of weight nf the oontents 
it ti»w htilirr tht.' hc«t expended in ^tting ap steam ftota 
«ilM- a4 ^. U th« water onginallf hare any^ otJier tem- 

• ^ tbea the eorrei^ionding raloe of h most be sab- 

Lw 1^ the heat expended (Q) is 
Q = \ - \ + - . P fool Ibe. 

Ti «Ul W ivwnnieiit to hare the resolt in thennal units, 
(tm^ « <«Mkl)r k>btaioed by dirision by 772, whence we 
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BOW of (.-onne be tak»t &om the tbemal 
yHMll^, by writing 

P * IMpftndj= 018 



itore of he&t in getting up steam 

r at temperature (^ . The first two 

tt the heat nhirh would hare 

of steam had been com- 

ion of sufficient pressure to 




the surface of the water ; the second term (always relatively 
small) is the correction necessary to provide for the forma- 
tion of steam. 

Iq steam boilers it appears that m is seldom, if ever, less 
than unity : that is to say, that the boiler is rarely less than 
half fall, and is usually much more. Putting then m = 1 
as the case in which the correction is greatest, and taking 
the values of p (rom Table V. at the end of the book, we 
obtain the results shown in the annexed table, aasaming the 
boiler when cold to be at temperature 60°. 










4Q. 




(Abwiute.) 


(Thormal 
Units.) 


t~t,. 


From 50 lbs. 
preasare. 


y. 


950 


353-7 


841 


129 


98 


140 


301-2 


293 


7G-8 


60 


90 


266-8 


260 


41-1 


SI 


60 


224-7 


221 






25 


182-2 


180 







If the temperature of the boiler when cold is not 60°, but 
a different temperature, then the results of the table are to 
be modified by the addition of the difference when below, or 
the subtraction when above, 60°. The third column of the 
table shows the volue of i - t^, which is less, partly on 
account of the specific heat of water being greater than 
unity, BO that A — Ag is greater than t — t^, and partly on 
account of the correction spoken of above. It will be seen that 
the increase of Q due to these two causes is not of great impor- 
tance, ond hence for practical purposes may often be neglected. 

The heat necessary to raise steam at one given pressure to 
steam at another pressure is found by taking the difiereuce 
of the corresponding values of Q. Thus, for example, let us 
suppose a boiler working at 50 lbs. pressure absolute, and let 
it be asked what amount of heat is required to raim 
pressure by a given amount ; then we have only to eul 
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the value of Q for 50 lbs. from its value for the new preasuie. 
The fourth column of the table shows the result for the 
pressures indicated, from which we see that a comparatively 
small amount of heat is required to produce a great increase 
of pressure. 

The time occupied in raising the pressure can be found 
when we know the amount of heat furnished by the furnace, 
and the cubic contents of the boiler. The proportion which 

m 

the water contained in a boiler bears to the evaporation in a 
given time appears to vary a good deal, according to the size 
and type of boiler, and even in boilers of the same size and 
type. According to Armstrong's rule for flue boilers, the 
water-room of a boiler should be 13^ times the volume of 
water evaporated per hour, or 810 times the volume 
evaporated per minute, in which case the weight of water in 
the boiler would also be 810 times the weight evaporated 
per minute. Now, the total heat of evaporation of water 
from 100° at the temperature corresponding to 50 lbs. pressure 
is 1068 thermal units; and therefore, assuming the evapora- 
tion equally active and efficient when the stop valves and 
safety valves are closed, the time in minutes necessary to 
raise the pressure to p lbs. on the square inch will be found 
by multiplying by 810 and dividing by 1068, the results of 
which operation appear in the fifth column of the table, 
headed 0^ ; from which it appears that in half an hour the 
pressure will have risen to almost 90 lbs. per square inch ; in 
an hour, to more than 140 lbs. per square inch ; and in an 
hour and forty minutes, to over 250 lbs. per square inch. 

The last result shows the rapidity with which the pressure 
rises when we have to do with high-pressure steam, the 
incretCse of temperature being approximately proportional to 
the time, but the increase of pressure far more rapid.* The 

* An experiment made by the late Sir W. Fsirbaim in 1S53 on a loco- 
motive agrees closely with this theoretical condosion. Bee * Useful Informa- 
tion for Engineers,' 2nd edition, p. S2i. 
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time occupied in getting up steam to 50 lbs. pressure from 
water at 60^ is, on the same principle, about 2| hours. These 
results are confirmed by experience for stationary boilers of 
the type indicated. 

In tubular boilers, the water-room is generally much less 
than that given by Armstrong's rule, and the times required 
are consequently less than those given. The principles ex- 
plained are, however, sufficient to enable any particular case 
to be calculated at pleasure. 

49. If in the formula for Q we consider a rise of tempera- 
ture of 1°, we then get the ** specific heat at constant volume " 
of a mixture of steam and water. The formula may then 
be written 

Ad 
AQ = AA + — ^, 
336m 

in which the value of A A is given in the table for A, being 
the specific heat of water at the temperature considered, and 
A|), which for an increase of 1 lb. is given in Table V., is 
easily found by multiplying the tabular result by the value 
of A J) given in Table la for the temperature indicated. 
Thus, for example, to find the specific heat at constant 
volume of the contents of a boiler at pressure 100 lbs. per 
square inch. Here, from the tables, 

AA = 103, Ap = 1-89, 

and the tabular value of Ap is 8*66, 
or if the boiler be half full as before, 

AQ = 1-066 nearly. 

50. Another question closely connected with the subject of 
the present chapter is to find the amount of heat necessary 
to dry a given volume of moist steam. Let 1 — a; be the 
weight of suspended moisture in a lb. of steam of pres 
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F^, then, assaming the hyperbolic law as soffioiently ap- 
proximate, 

where Pis the pressure when the steam has become dry, 
V the corresponding volume, V* = v* a? the original yolume, 
hence 

X 

and AP = P^^-^^ 

X 

gives the increase of pressure, very approximately, necessary 
to dry the steam at constant voluma 
To obtain the heat needful we have 

AQ= AA + V, AP 

= AA + a?c» AP 

from which numerical results can readily be computed by aid 
of the tables. 

For example, suppose steam of 60 lbs. pressure to contain 
10 per cent, of suspended moisture, how much heat is 
required to dry it at constant volume ? Here x = 'Q and 
hence 

so that the pressure rises to 66| approximately. The corre- 
sponding rise of temperature is 7° nearly, whence, referring 
to Table IB, the value of A A is 

A A = 7 X 793 = 5551 foot lbs. 

Also referring to Table V., we find for AP 

A P = ^ X 1327 = 88471b8. on the aq. ft. 
3 

.-. A Q = 5551 + -9 p' . 8847. 
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Also t^ at the pressure of 60 lbs. is 7 cubic feet nearly. 

.-. AQ = 5551 + 6-3x8847 

= 6551 + 55,786 = 61.287 foot Ibe. 
= 79*4 thermal units neoxlj, 

which determines the required amount of heat. It will be 
seen that the teim representing the evaporation of the water 
is much greater than that representing the elevation of 
temperature. 
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CHAPTER Vn. 

EXPASSION OF STEAM. 



^ 



M. As oxplHiiiMl in Chapter III. and confirmed by uni- 
vorsftl experience, the espatision curve of steam is approxi- 
inivtely a common hyperbola ; but I now propose to consider 
tliu question more fully by investigating the law of expan- 
siuu under given circumstances, nnd conversely the circum- 
stances under which steam will expand according to s given 
law. 

In the case of air, it has been already shown that the law 
of cxpnneion depends 011 the amount of heat (if any) received 
or lost by the air at each step of tlie expansion. Precisely 
tlio same thing takes place in the case of steam, and the 
question reduces itself to this : to find the law of expansion 
wlien the heat received or lost is given, and conversely, to 
find the heat which must be supplied or abstracted in order 
that the expansion curve may be of given form. Of this 
question I shall now consider certain idea! coses, commencing 
Its usual with the simplest ; the cases most often occurring 
in practioo being too complex to be discussed at the com- 
mencement of the subject. 

Dry and Saiurated Steam. 
52. First in order of simplicity is the case in which the 
stoum is supposed always dry and saturated during the 
\\\m\o progress of the expansion; and the question to be 
Hliiiwui'tid will be as to the amount of bent, to be supplied 
iVi'Ut without, to keep the steam in the state s 
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Here the law of expaosioD is e^ressed approximately by 
the equation 

p tH — ooDstant, 

being the approximate relation which according to Art 5 
always connects the presatire and volmne of satnrated steam 
80 long as it remains dry. Probably the easiest way of 
constmcting the carve is to take the volnmes corresponding 
to. given pressures from Table III^ and setting them off 
along the volume axis O X (Fig. 12), to set np the corre- 
epooding pressures as ordinates ; then a curve drawn through 




the extremities of the ordinates will be the expansion curve, 
which, as the form of the equation shows, does not differ 
greatly from an hyperbola : though other methods may also 
be adopted, one of which will be mentioned presently. In 
drawing the curve for a very great range of pressure, it is 
advisable to represent the upper part and lower part on 
different scales for the sake of distiuctnesfi. Figon 
represents the part of the curve which lies between 

K 2 
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prosBures CO ■ 4 and 8 ■ 33 lbs. on the square iucb abaolute ; in 
tliU fftse the volume iDereasea from 7 cubic feet to 44"6 
cubic fi'ct, showing a ratio of expansion of about 6* 37. The 
tluttinl c'urvo A Bo lying above the expansion curve AB 
ri'proflonts itn hyprbola drawn through A, and ebowg that 
tho pressum of t\w stoam is always less than if it followed 
the hy[>erbolie law, the diminution being represented at each 
jHiint by tlit> vorlicitl distance between the two curves. As 
tho pressurLi fatln, the temperature falls too, according to the 
law expressed by Table I., and this is shown on the figure at 
various poitit^ of the exiwnsion by giving the values of the 
temperatoTQ attached ; the other numbers giving the prea- 
sures for the hyperbola and the actual curve respectively. 
Tims when the volume lias increased from 7 cubic feet to 
26 '36 cubio feet, tliat is when the steam has expanded 
3-77 times, tho tennjerature has fallen to 212° and the 
pressure to 14'7, while the pressure according to the hyper- 
bolic law would have been 16, showing a diminution of 
pressure of 1 ' 3 lb. Hence if the steam really expand ac- 
cording to the hyperbolic law from the dry and satiuBted 
state at A, it must become superheated, and that the more 
the greater the expansion ; also the ratio of expansion in the 
hyperbola in order that the pressure may fall by a given 
amount must bo greater, thus in the Rgure the steam mnat 
expand till its volume is 50-5 in place of 44*6 before its 
pressure can full to S-38. 

Hyperbolic expansion will be discussed io the next 
section ; at present we have to do with dry steam, and the 
question is to find what heat, if any, is to be supplied in 
order that it may always be dry and yet not superheated. 
For this purpose it is only necessary to apply the equation, 

HMt Expended = Intetuftl Work + Eitemnl Work, 

by couBJdermg how much work of either kind is done during 
each step of the expansioo. 




I 

I 
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as to the external work : it is stiown in tbo Appendix H 

area of auy curve of the form ^^ 

P T- = conalant, ^H 

I between two otdiuatea and the base, in ^^^^H 



„_PiV,-P,T,. 

* „^ri- 

but in the present cose the value of n ib approximately ^ 
and for V we write v, because the volumes are those of dry 
saturated steam : hence 



Aran = 16 (P, v 



-P.M. 



and tbns, to find the work done on the piston as the sttam 
expands from volume v, to volume v^, we have only to take 
the difference of the values of P u at the beginning and end 
of the portion of the expansion considered and multiply 
by 16, But the values of P v are given in Table IVa, and 
thus fbo external work done is found without difficulty. It 
will be convenient to divide the expansion into stuges duriug 
each of which the fall of temperature is 27° ; the figure 
represents four of th&se stages, namely, from 293° to 185"; 
the annexed table,in the column headedlG.AP v, shows the 
external work done during each stage, not merely for these 
four, but for the whole range of pressure from 230 lbs. to 
4^ lbs. on the square inch: the absolute values are divided 
by 27 to obtain the mean value per 1°. 

Next, for the internal work it is only necessary to consider 
tlie values explained in Chapter II., Art. II, and tabulated in 
Table IVo, for the total internal work (I) done in changing 
water at 32° into dry steam of any pressure ; for, since the 
amount of internal work done during any change does not 
depeud on the way in which the change is produced, it is 
clear that to change dry eteam at one pressure into * 
ateam at another pressure, we have only to take the diffe 
of the corresponding values of I. Inspection of the 
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shows tliat I increases slowly with the temperature ; thus, to 
form dry steam at 212^ from water at 32' requires 1074-4 
thermal units, while if the steam be formed at 401°, 1119-2 
thermal units are necessary, whence it follows that to change 
dry steam at 212*^ into dry steam at 401' we must expend in 
internal work 1119-2— 1074-4, say 44-8 thermal units. 
Conversely, when steam expands always remaining dry a part 
of the external work done is done at the expense of the 
internal energy of the steam, that is to say so much as is 
equivalent to the corresponding diminution of I, so that we 
have only to take the work-equivalent of I to find out how 
much that is. 

EsPASBiON or Dbi Stbim. 



1". 


perl". 


Al 


P 
P 


AQ. 
Foot lbs. 


AQ. 

Thermal 

QDitB 

per 27°. 


401° 














717 


197 


■275 


520 


18-2 


374° 














776 


192 


■247 


584 


20-4 


347° 














836 


187 


■224 


649 


22-7 


320° 














889 


182 


■205 


707 


24-7 


293° 














942 


178 


■189 


764 


26^7 


266° 














996 


174 


-175 


822 


28-8 


239= 














1049 


170 


■162 


879 


30-8 


212' 














1102 


166 


■151 


936 


32^8 


18S° 














ll&S 


162 


■140 


993 


34-7 


158" 













The column headed A I shows the result of this calculation 
for each stage of the expansion, from which it appears, 
taking the third stage for example, i" "ii'ih the temperature 
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falls from 34:7° to 320°, rorrespondiug to a fall of pressure 
from 130 lbs. to 90 Iba., tLat the external work per 1" is on 
the average 836 foot lbs. and the correapondiug diminution 
of the work-equivalent of I is 1S7 foot lbs., the difference of 
649 foot lbs. ia the external work done by the agency of heat 
supplied from without, and if that heat be not supplied the 
steam will not remain dry, but some of it will be condensed. 
The columns headed A Q are thus calcnlated, and show, the 
first in foot Iba. per 1°, and the second in thermal units for 
the whole stage of 27° the heat which must be supplied from 
without daring each stage of the expansion to keep the steam 
dry. 

The column headed ~ shows the proportion which the In- 
ternal work bears to the external work and enables us to 
exhibit the whole process graphically by constructing a curve 
of internal work in the same manner as was explained in 
detail iu Chapter IV. for the case of air (see Art. 32). Let 
P be the intomal-work-preasure, p will be to the external 
pressure p in the same proportion that the internal work 
during a very small part of the expansion bears to the 
external work, and the numbers given in that column will 

therefore be the average values of ^ during the stage of ex- 
pansion indicated. Hence the curve of internal work 
showing the internal-work-presaure at each point is readily 
drawn : in the figure that curve is represented by i I, its 
area gives the internal work just as the area of the expan- 
a curve gives the external work, and the difference of 
areas (shaded in the figure) shows the heat supplied during 
expansion. 

Conversely, if steam be compressed, in order that it may 
remain in a saturated condition, heat must be taken away 
from it at each step of the compression as its temp 
and pressure rise, otherwise it will become superheats 
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heat BO taken away per 1° of rise of temperature is called the 
"ppepifio heat" of eteam when that term is used without 
qnali6<'stion : it is said to be negative because heat is sub- 
tracted, not added, as the temperature rises. The column 
headed A Q shows the work -equivalent of the mean 8i)ecific 
heat of steuni during the interval of temperature in whicli it 
occurs. The second column headed A Q shows in thermal 
units per 27" the same amount of heat ; thus in the case 
illustrated by the figure where the steam expands Erom 60'4 
to 8'38, by adding the numbers given for each stage we find, 
for tlie four stages, 119 thermal units as the heat required 
to keep the steam dry. The numerical results here found 
are only rough approximations, for any minute error in the 
determination of the density of steam by the empirical 
formula p fH = const, and of the products P v by the tables 
is multiplied many times by the process of calculation ; but 
they are witJiout doubt a tolerable approximation, and they 
show that the heat required to keep steam dry varies from 
four-fifths to five-eixtlis of the external work done during 
expansion. 

A somewhat more exact result is obtained by the uae of 
Zenner's index 1 - 0646 in place of fJtbB, hut when numerical 
exactitude is required a method described in the Appendix, 
Note D, is far preferable. By this method the exact value 
of the specific heat of steam can be found at any temperature, 
but it requires more mathematical knowle<]ge, and does not 
show so clearly the nature of the process as the method given 
in the text. 

Another formula (Fairhairn and Tate's) was given in Art. 5, 



which suggests a method of drawing the curve io^ 
way without reference to the tables. Draw ] 
reference for measurement of a'-ri.— ^.^ mid iirdi 
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to the right of and below the old ones by '41 cabic foot and 
*35 pound on the square inch respectively, and with these 
new axes describe an hyperbola, then the form of the formula 
shows that this hyperbola considered relatively to the old axes 
will be the required curve, for the formula may be written 

(v - -41) (p + 85) = 889 = oonstaat. 

The curve may likewise be drawn, and the mean pressure 
calculated or graphically constructed by the general method 
applicable to all curves of the form P V" = const, explained 
in the Appendix. 

The curve being constantly used in our subsequent work, 
will for the sake of a name be called the '' saturation curve." 

Hyperbolie Expansion. 

53. The next case to be considered is that in which the 
expansion curve is an hyperbola, that is to say where 

p V = constant = Pi V,, 

in which, as usual, jp is the pressure and V the volume of a lb. 
of steam. In this case the steam becomes drier and drier as 
it expands if it be originally moist, and becomes superheated 
if it be originally dry, for by Art. 6 

y = tfx + « = vdp (approximately), 

hence since 



"'&-<f- 



but if r be the ratio of expansion, 






, * X SI X% % T 



iV. 



this shows that, if the expansion starts from a point indicated 
by the suffix 1, x is greater than Xi^ so that if the expansion 
be c <^nough, the steam becomes dry, and if still 

£p ed, a result which agrees with the last article. 
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In the figure (I^- ^H if AZB be the bTpertiaUe ex- 
(Mniiioo aoT^, A,ZBt tin — tmiliiM sure ooosidered in 
iIk Ift^ article : the,w cams oo^ ooe •aotlmr st a ptnnt Z, 
eMiIjr determined ff the aiMVal of raobtu? in the steam at 
any given preossM ii kaown. Abore this point the steam 
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'I'aking first the expaosiou alxtve Z, the amount of mois- 
tiiro nt itiiy point 1 is gireo by puttiug x = I, then 

11tH^ flir itxample, let steam of pressure 60 * 4 lbs. expand till 
^h f^VMtirtf )tM fallen to 8 - 38 lbs., that is to say, with a ratio 
x^ V\^*t»tw» 7 "22, and let it be dry at that pressure, then 

X, = (7-22)"'^= -89, 
r tl^nt ^ tkt^ua must contain originally 11 per cent, of 

^V tji^i^ KMM^ way be obtained graphically if the figure 
'v "V'iV^kJ^ <^WU «n a large scale, for the horizontal 
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distance between the curves always represents the yolame of 
steam existing in a state of moistare. 

The temperature always falls with the pressure, accordiug 
to the same invariable law, until superheating commences, 
and it is convenient, as before, to split up the expansion into 
stages during each of which the fall of temperature is 27°. 
The figure shows four of these stages from 293° to 185°, 
just as in the previous case, and we have to find the external 
and internal work done during each stetge. First, as to the 
external work : let jp be the pressure at the commencement, 
and />' at the conclusion of any stage, then by Art. 23 

External Work = P V . log., - » 

Pi 

where P V is the constant product (in foot lbs.) of the pres- 
sure and volume. At Z the volume Y is that of dry steam 
at the corresponding pressure ; so that P Y is the same as 
P V, which by Table lYa we find to be at 185°, 53,900 foot lbs. 

.*. External Work = 53,900 log., ^ , 

from which formula, by division by 27 and substitution of 
the pressures, the external work per V is found for each of 
the four stages, and tabulated in the second column of the 
annexed table. To find the internal work, the formula 

I = A + P(V-0 (Art. 12) 

is to be used, which shows the internal work done in forming 
Y cubic feet of steam at any pressure by any process, or 
neglecting 8 as usual 

I = A + PV = A + *PV, 

in which last form i P is written for P. 

Then P Y is constant as above, and k is known from thi 
tables, so that the change of internal work is found by 

AI = PV.AA — AA, 

where A A;, A A are the diflerences of k and h for ei 
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It is to be observed that A A has a negative sign, because 
h diminishes as the temperature falls. Writing for P V its 
value 53,900 foot lbs. we get from Tables Ha and I Va in the 
example considered the values of A I shown in the third 
column of the table in foot lbs. per 1° ; from which it appears 
that when steam expands according to the hyperbolic law, 
not only is heat required to do the external work, but also 
to prodace internal changes in the steam itself. 



Htpxbbolio Expansion. 
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This heat^ which must be supplied from without, in order 
that the steam may expand exactly in accordance with the 
liyperbolic law, is shown in the columns headed A Q, in the 
first column in foot lbs. per 1°, in the second in thermal 

■^4 for the whole stage of 2V. As before, the numbers 
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obtained are only approximations, but are undoubtedly 
close approtiioationa, to the actustl facts. 

The value of - is given in another column, and the whole 

process exhibited gmphically in Fig. 13, as in the previous 
case. 

If the expansion be carried beyond Z the steam becomes 
superheated, and from the existing deficiency in experimental 
data we cannot say with exactnees wbat lakes place ; it is, 
however, clear that the temperature will go on falling till it 
reaches a limit given by the equation 

85-6<[ + 461) = PV = 53,900 , (Art. 32), 
whence 



that is to say, till the temperature has fallen 15° more ; the 
eteam will then be completely BUpcrbeated, and the curve of 
internal work will reach the axis of volumes (see Art. 34). 
But how far expansion must proceed to realize this, cannot 
at present be determined with any certainty. If B be the 
point where the steam becomes completely superheated, the 
internal- work-curve will reach the axis at B if not before ; 
according to the not improbable supposition of Him that the 
isodynamic cm've (Art. 68J is an hyperbola not only when 
the steam is completely superheuted but even when the 
superheating is only partial, it would follow that the internal- 
work -curve reaches the axis immediately superheating 
commences, and in that case the heat supplied from without 
during that part of the expansion in which the steam is 
superheated is simply the heat-equivalent of the external 
work done during that part 

64. If, instead of supposing the steam dry at the end of 
the expansion, as in the preceding example, it be supposed 
wet, then the results obtained will be somewhat modified. 
For example, imagine the steam to contain 20 p 
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moistore at 185°, tlieu to find the amount of moisture 
initially, 

or, since tbe ratio of expansion will be unaltered, 

J, --8X89= -712, 
tliat is, the initial amount of moisture is 28 8 per cent, 
showing that 8-8 per cent, is evaporated during expansion 
instead of 11 per cent. 

The value of P V is now 8 x 53,900, or 43,120, and the 
external work diiritig each stage is diminished in like pro- 
portion. For the internal work 

il = 43,120. A4- Ah. 
the results of which formula are shown in the table. 

In Fig. 13 the process is graphically represented: A' Z' 
is the expanaioD curve, which is an byperboia four-fifths the 
size of the original. The horizontal distance between the 
expansion curve and the saturation curve still represents 
the volume of steam existing as moisture, which of coarse 
now is everywhere much greater than before. The dotted 
curve I' I' below is the intamal-work-curve, which now is 
no longer always convex towards the axis, but attains 
a maximum distance and then approaches the axis again. 
This always happens when the steam contains much water. 

55. If, now, we compare the results obtained, when tbe 
steam expands according to the hyperbolic law, and when it 
remains always dry and saturated, it appears that an appa- 
rently trifling difference in the law of expansion makes a 
great difference in the heat needful to produce it Thus it 
was found above that in expansion from 293° to 185', while 
remaining dry, the heat supplied is 119 thermal unite ; but 
in hyperbolic expansion, on adding the numbers in the last 
column of the last table it will be found to be in the first 
case 207 thermal units, aad in the second case 143 thermal 
units. Hence, conversely, a great change in the heat supp' 
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t prodaces a Biuall change in tlie law of expansion ; and if it 
18 furtlier considered that the indicator t^lls us Qothing about 
the absolute size of the expaasion curve, so that the two 
cases of hyperbolic expansion just considered would appear 
', identical, it will not be gurprising that the expansion curve 
of eteam does not appear to vary much in practice in the 
most various circumstances. 

It is Bometimea supposed that hyperbolic expansion in 
steam is the same as hyperbolic expansion in a perfect gas ; 
in fact, however, the two cases are very different. When a 
perfect gas expands according to the hyperbolic law, its 
temperature remains constant, and the heat supply is just 
that needful to perform the external work ; whereas when 
Bteam so expands, its temperature falls rapidly, and the heat 
supply must be from one-fourth to one-half greater than 
that equivalent to the external work done. 

50. In the last articles it has been found convenient, as 
iu the case of air (Art. 34), to represent the internal work 
which is being done during expansion, by means of an ideal 
pressure on the piston, just as the external work is repre- 
sented by the real pressure ; yet it must always be re- 
membered that this ideal pressure depends not merely on 
the actual state of things at the instant considered, but also 
on the law of expansion, that is, on the way in which that 
state varies from instant to instant.* 

Thus in the two kinds of expansion just considered the 
same actual pressure on the piston corresponds to two dif- 
ferent internal pressures ; iu the first, a pressure in the same 
direction a*, and forming part of, the actual steam pressure ; 
ft bile in the second it forms a resistance to be overcome, or, 
so to speak, a back pressure. It usually varies from point to 
point of the expansion, as shown by the curve of internal 
* Fur thU raaaon in seeking an abbrcTintioa fnr the pljiase " prewnire 
uquivaltDl to internal work." I iiit?fl pruterred Uio nilharcumbniua eiprfiwioii 
" intenuU-woik-preMure" to tlic briefer term "inlcruftl preesore " wliioli 
might prove ip'-'-^-^'ir. 



144 EXPANSION OF BTEAIL 

yfoik, and its mean value may be found just in the same 
way as the mean actual pressure on a piston, and may be 
expressed either with reference to the whole stroke, in- 
cluding both admission and expansion, as is usually done, or 
with reference to the expansion alone. Examples will occur 
hereafter of both ways of expressing it. 

When steam is formed by evaporation under constant 
pressure, the intemal-work-pressure is constant, and is 
given for each external pressure by Table V. When steam 
is formed in any way from water of the same temperature 
the intemal-work-pressure is not generally constanti but its 
mean value is the same as if the steam were formed under 
constant pressure. 

Any Qiven Expansion Curve. 

57. I shall next show that, if a perfectly accurate indicator 
diagram be given together with the weight of steam used 
per stroke, it will be possible to determine the curve of 
internal work, and to deduce the heat supplied to the steam 
at each step of the expansion. 

In the first place, let it be supposed that the pressures at 
the beginning and end of the expansion are exactly known. 
Then, by Table I., the temperatures are likewise known, and 
the corresponding values of h and F in the formula 

can be found by Tables II. and V. Moreover, dividing the 
volume of the cylinder by the weight of steam used per 
stroke, the terminal value of Y is known, and the initial * 
value can then be found by division by the ratio of expan- 
sion. Thus, the internal work reckoned from water at 32^ is 
determined both for the beginning and end of the stroke. 
Subtraction now furnishes the internal work done during 
expansion, and by adding the heat-equivalent of the area 
of the expansion curve which represents the external work, 
the supply of heat is obtained. 
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The effecte (often very important) of clearance and wire- 
drawing are throughout this chapter wholly neglected, being 
reserved for discussion at a later period. 

58. The graphical method of Chapter 11, not only enables 
ns to represent the process on the diagram, but also to obtain 
readily definite results. 

Fig. 14 represents the admission line S A, and the expan- 
sion curve A B, neglecting all efifects of wire-drawing : to 
fix our ideas I take as data the results of one of the experi- 
ments on the Bache (Chapter XI.), and suppose the initial 
pressure 90 '14 and the terminal pressure 11 "73 lbs. on the 
square inch ; further, I suppose the ratio of expansion 
8-57. Also, I shall suppose the terminal volume of 1 lb, of 
the steam two-thirds the volume of dry steam at the terminal 
pressure, as was probably approximately the case in the 
experiment in question. Now, the volume of dry steam at 
11 73 lbs. per square inch is 32 5 cubic feet nearly, taking 
two-thirds of which, 21 "67 is obtained for the actual volume 
at the end of the stroke. In the figure tben, O N, the base 
of the diagram, represents 21 'G7 cubic feet, and O M 

represents err y or 2 '53 cubic feet, which is the initial 
Tolume of the steam. The accuracy of these data is not here 
the question. I have merely to show the results deducible 
when accurate data are attainable. 

First, to find the state of the steam at any point of the 
expansion, lay oET O H^ = 32 5 cubic feet, and trace the 
saturation curve A« B„ (see last articles), thus showing the 
volume of dry steam at any pressure, then the horizontal 
distance between this curve and the expansion curve shows 
the amount of water in the steam at any point of the 
expansion. In particular, the volume 8 Ao of dry steam at 
the initial pressure ia 4 ■ 8 cubic feet, therefore, A A^, = 2 ■ 27 
cubic feet, showing that 47 4 per cent, of steam was in the 
state ' the commencement of the expansion. The 
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form of the expnngioa curve shown in tlie figure is ideal, tie 
diagram not being given, but only the mean preaaure, so 
that the wetness of the steam cannot be determined at any 
other point of the stroke. 

Next, to find the iutemal work according to the graphical 
process of Arts. 9, 12, it is only necessary to refer to 
Table V., from which it appears that the internal -work - 
pressure corresponding to 90 'li ia 904 '5 nearly. Then, 
constructing the rectangle Z on the base O M, which 
represents the actual volume of the steam initially, the internal 
work done in evaporation at 90' 14 is represented by the 
area of this rectangle ; this ^ves the initial value of the 
internal work reckoned from water at the initial temperature 
of 320° corresponding to 90 '14. In the same way the 
tenuiual value of tht3 internal work is represented by the 
area of the rectangle II on the base N, and of height 
N R = 149 corresponding by Table V. to 1 1 ' 73 the terminal 
pressure, this work being reckoned from 201° the tempera- 
ture corresponding to 11 '73. We have now to take the 
difference, but before doing so, it ia necessary that the 
iuitial and terminal values of the internal work should be 
reckoned from water at the mine temperature. The most 
convenient temperature to choose is the initial temperature 
of 320'; hence we take the difference 320° - 201° or 119° 
and perform the construction of Fig. 3, Arts. 10, 12, as 
indicated in Fig. 14, remembering that the difference of 119° 
must be reckoned negative, because we are now reckoning 
from the higher temperature. Thus the rectangle O T is 
obtained, which represents the terminal value of the internal 
work reckoned from water at 320°. 

We have now only to find the difference of these valnes, 
and for this a simple construction suffices. Complete ' 
rectangle K ; joiu K T, and produce it to meet the preB 
axis in L ; then draw the horizontal line L I. I., as sli 
in the figure ; the required difference is simply the rectan 
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clenrauce to bo explained hereafter. Also the in&uetice of 
wire-drawing — in some cases considerable — is neglected, but 
in the present case the result is probably substantially 
correct. 

If now, we aek, from whence the cyUnder derived so much 
heat, our first idea would, probably, be, that it was derived 
from tlio steam jacket which was in operation during this 
experiment; if, however, the observed quantity of steam 
liquefied in the jacket be considered, it will be found that 
only 16 thermal units were so derived, and the remainder 
must, therefore, have been obtained from some other source, 
and that source can only be the steam during admission. 
Thus at least 106 thermal units were so derived, but in 
fact much more steam must have been liquefied during 
admission than is represented by this quantity of beat ; for 
although there are no data from which the state of the steam 
can be determined as it left the boiler, jet there is no reason 
to suppose it coutained any considerable amount of water ; 
let us assume it dry, then complete the rectangle A Zo in 
Fig. 14, then that rectangle represents the amount of heat 
abstracted from the Bteam during admission. To make com- 
parison more easy, reduce this rectangle by the constructions 
indicated in the figure to the base I, I., tlien we obtain the 
rectangle E I_, which is greater than the heat supplied 
during expansion by the area between E E and the expansion 
curve AB. This last area represents the whole heat ab- 
stracted by the cylinder from the steam during its passage 
from the boiler to the end of the stroke, which heat, in 
addition to that furnishetl by the jacket, is chiefly trans- 
mitted to the exhaust during the return stroke (compare 
Art. 24). This is true, whatever be the form of the cnrrfl 
in the present case 

= «1 - 126 = 295 



H«ut nbetrBctcJ = 
Jiuiknt BQpplir 
.'. Exhstut wasic = 
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If Ute remit be compared with the vhole beat expended as 
fthown by the quantity of water erapor&ted, it is found that 
the exhutet waste in the present case was 28 per cent, of 
the whole; and thoagh the effect of clearance modifies 
this conchswo to some extent, as will be seen hereafter 
(Chapter IX.), yet there is little doubt of its enbstantial 
aoctirary, if the data are correct I shall retum to this 
subject in a later chapter. 

59. So far we hare only con^dered the initial and terminal 
state of the steam on which alone the position of the line 
I_ I. of mean internal- work-pressure depends ; if, however, 
it be desired to know, not merely how much beat on the 
whole is supplied to the steam, bat according to what law it 
is supplied, it will then be necessary to Lave an exact expan- 
sion curve, which will give the exact value of the pressure at 
every point, then dividing the expansion into small portions, 
and going through the construction of the last article for 
each portion, a series of lines I_ I, will be obtained, each of 
which refers to its own part of the expansion. Trace now a 
curve through the middle points of all these short lines, 
and the result nill be an internal- work-curve, such as 
was found in the two kinds of expansion first considered 
in this chapter. The reader will find it a useful exercise 
to construct in this way the diagrams for the two cases in 



To each particular expansion curve corresponds its own 
curve of internal work, showing the law of supply of heat, 
bat, as has been shown in the preceding cases, a very small 
change in the expansion curve causes a very great change in 
the position of this curve, so that it will rarely happen that 
the curve drawn by an indicator can be relied on sufSciently 
for the purpose. 

60. As another example of the method just explained of 
finding the heat supplied during expansion, when the 
expansion curve is given, I take as data_one of the Baohe 




BtPAKMON OP STEAM. 151 

experiments (Chapter XI.), when the engine waa tried as 
a compotmd engine, as follows : 

Initial preeawe (smoJl cjtinder) = 92- 

Terminal „ « „ = 27'4 

„ „ (luge cylindei) = ITS 

Tola] expaoaian = S'lO 

Ratio of cjlindeiB = 2-44 

Water in atean at und of stroke (Cuio cjlindcf) = -15G 

In Fig. 15 lay off N^ to represent the volnme (32- 1) of 
dry Bteam at the end of the stroke in the large cylinder, and 
trace the saturation curve Ao B^ as before, which ahowa the 
volume of dry steam at any presaore ; then, multiplying by 
■844 the proportion of dry ateam, we get for the volume of 
the actual ateam 27 ■ 1 cubic feet ; thia ia represented on the 
diagram by N, and the true expansion curve therefore 
starts from U. Divide now 27-1 by 2-44 the ratio of the 
cylindera, and 1 1 ■ 1 ia obtained for the volume of 1 lb. of the 
steam at the end of the atroke in the high-pressure cylinder ; 
this is represented by F in the figare, while D F represents 
the terminal pressure. Again, dividing 27' 1 by 9 "19, wo 
obtain 2 - 95, which is represented in the figure by M, while 
A M represents the corresjmnding pressure of 92. 

These points being determined by the data of the question, 
expansion curves are now to be drawn, which, as before, are 
ideal, except that the mean preaaures are gieen, as will bo 
explained presently. The full curve A D represents the ex- 
pansion in the high-pressure cylinder, while D C B represents 
the expansion in passing from the lugh-pressure cylinder to 
the end of the stroke of the low-pressure cylinder. For sim- 
plicity it is supposed that the reservoir is very large, and 
wiro-drawing is neglected in drawing the ideal curve D C B ; 
although in the subsequeJit calculation of areas the actual 
mean pressures are used as found by experiment : thus C D 
is a straight line repreecnting an increase of volume at the 
constant pressure of the reservoir consequent OH tl"* 
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being partially dried by the exhaiiBt heat of the high-prea- 
cylinder, while C B is the expansion in the low-pressure 
cylinder. Then, as before, the horizontal distance between 
the whole espaosion curve A D C B and the saturation curve 
represents the amount of water in the steam at each point of 
its passage through the engine from the beginning of the 
high-pressure stroke to the end of the low-pressure stroke. 

Next, the heat supplied to the steam during the expansion, 
is found by performing the construction of Art^ 58 with refer- 
ence, first, to the high-pressure expansion, secondly, to the 
total expansion : this is shown in Fig. 15, in detail with the 
same letters attached as in Fig. 14, so that it is unnecessary 
to describe the process further. The calculations are now 
conducted as follows, commencing with the high-pressure 
cylinder r 

iDlenul workuea FI- = «9 x (IM - 2*95) 
= 399' 8. 

For the external work it is necessary to estimate the area 
A D F M, which cannot be done exactly, because the mean 
forward pressure is not given, but only the mean effective 
pressure for the high-pressure cylinder: it can, however, 
be approximately estimated without fear of serious error, 
by takiug the mean of the values of P V at the beginning 
and end of the stroke, and multiplying by the value of log., r, 

Initial value of P V = 92 X 295 = 271-* 

Terminal „ PV = 274xU-l =301-* 

A Mean value of P V = 29S-i. 



The ratio of expansion in the high-pressure cylinder is 9' 19 
~ 2'44 = 376. the hyperbolic logarithm of which is 1'32, 
hence we obtain 

Eipanaion wen = 377-5 nearly. 



Adding which to the internal work area found above, 
obtain 

ToWareft=77C'8, 



W^^^^l 
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whence by diriaon by 5 ■ 36 '1 


HMt Bopphei = 145 thernuJ tmits appnainuitely. | 


Assuming now that the boiler supplied dry steam, then, as > 


before, the rectangle A 2" is the heat abstracted from the 


steam duriog admission : 


A»«AZ, = O-70-2-9S) K 1013 


= 1773. 


whence by diviaion by 5 36 


Heal abstracted = 331 tbanml anila. 


The cylinder was not jacketed, hence neglecting radiation 


and conduction 331-145 or 186 thermal nnits must have ' 


been transmitted to the exhaust steam on its passage out of 


the high-preesare cylinder. 


Passing on to cousi'Ier the total expansion, the in- 



ternal work done, while the steam passes from its initial 
pressure in the high- pressm^ cylinder to its terminal pressure 
in the low, is represented by the rectangle M I'_, and this is 
true, whatever amount of wire-drawing exists between the 
cylinders, and whatever be the treatment of the steam in the 
reservoir. The external work is equal to the whole area of 
the diagram, known from the mean pressures given by the 
experiment, diminished by the admission area S M. 

Total meQQ effeotiTe preBBore = 27'52 (reduced to L.P.) 

Back prewire =3-05 approiimatcl j 

Ue«Q fbiword preeaura .. =30-57 



= 271-4: 

.-. Total ezpauaion area = 558 nearly 

luternal work aroa = 30(27-1 - 2-3S) 
= 724 
Total area = 724 + 558 = 1282 

. RmI nipplied during total espaosion = 239 tlienual u 




ESPAM810N OF STEAM, 



155 



Iiet UB now trace the proceas from the instant when the 
Bteam is cut off in the high-pressure cylinder to the instant 
when it exhaufits from the low-presBUie cylinder Into the 



I 

I 



.-. Total boat roceiTed baft 
cylindsr = 

but 

Tolol boat re«ti»ed dariBg lotal oipanaiou = 239 i 

.'. Hmt abfltractod in passage througb reaervoii nud low-proMiire 

cylinder = 92 IbeimDl uuiU. 

This heat is partly abstracted in the reservoir, but probably 
the greater part is abstracted in the low-pressure cylinder by 
the action of its sides. If we add the heat supplied by the 
Bteam jacket of the low-pressure cylinder, we shall obtain the 
exhaust waste. 

The steam jacket in the present case supplied far more 
heat than in the case previously described in Art. 58. It 
appears from the experiment that about 7-8 per cent, of the 
working steam was the additional supply required to replace 
the liquefaction in the jacket: a result which shows that 
about 67 thermal units per lb. of working steam was supplied 
to the low-pressure cylinder ; hence 

Eibaoat nosto = IS9 tbermal miitB, 

which is about 13^ per cent, of the whole heat expended as 
shown by the total amount of water evaporated. As before, 
the numbers given require certain correctious on account of 
clearance, and are not intended as precisely accurate results, 
but they are probably substantially correct unless the data 
are rejected as wholly uureliable, a point which is not iu 
question in the present chapter. 

61. It has been already stated that complete and exact 
results can only be obtained when the weight of steam passing 
through the engine per stroke is precisely know: 
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tion to the data furniahod by &q indicator diagram. The 
detenniuation of this quantity is by no means easy, and 
therofore in most cases this essential datum is wanting, so 
that it will be desirable to examine what results can be 
obtained in its absence. 

As an example I shall take a diagram from a Corliss engine, 
working at SaUaire, giyen in ' Naval Science,' vol. iii. p. 160. 



^1 4 






// 



Fig. 16 shows this diagram so far as the admission line 
and expansion line are concerned, from which it appears that 



I 

I 
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the engine was working with initial pressure 56 and ratio of 
expansion 12 ; the terminal pressure is not easy to estimate 
exactly, but is taken at 6 ■ 5 lbs. per square inch. The conae- 
quence of an error of i lb. will be mentioned presently. 
Clearance and wire-diawing (Chapter IX.) ate throughout 
neglected except in measuring the volumes. 

The expansion curve A B now gives the pressure at each 
point of the stroke, but since the weight of steam is not 
known, the volume per lb. cannot be fouud. The volume of 
dry steam at 6 5 lbs. per square inch is 56 '6 cubic feet; let 
us take the base N of the diagram to represent it, then if 
the steam were dry, the diagram would represent the changes 
gone through by 1 lb. of steam, and hence, if we imagine the 
steam to contain at the end of the stroke 1 — x^ lbs. of wat«r, 
it is clear that the diagram will actually represent the 

changes undergone by — Iba. of steam. 

"a 
From Table III, set off the volumes of 1 lb. of dry steam 
at various pressures, then if the steam were everywhere 
equally wet, the resulting curve would be the actual expan- 
sion cur\-e A B, Instead of this, however, the dotted curve 
A^B is obtained, which may be called a curve of uniform 
wetness ; were the steam dry at the end of the stroke, it 
would be the saturation curve drawn in preceding examples. 
This curve falls above the actual expansion curt'o A B, and 
the horizontal distance between the two curves represents the 

excess water in — lbs. of steam at the point considered : 

hence these distances multiplied by x, represent the excess 
water in 1 lb. of steam. For example, at the beginning of the 
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cubic feet exist aa water in addition to the water at the end 
of the stroke, if any. Let then 1 — *i be the amount of water 
initially in 1 IK of the steam, then 

, _, -IZ? , -.S45 , 

'' *'-r5i'-- **'*■'■■ 

Hence if the steam be dry at the end of the stroke, 34i 
per cent, of moisture must have been evaporated dm-ing ex- 
pansion, or, if it then contain one-third water, 23 [wr cent. 
This calcalation, of course, presumes that there is no valve 
leakage, which might be enspected if this were a solitary 
instance of the kind. 

Next, (o find the heat snpplied during expansion, we might 
resort to the graphical construction of the preceding articles, 
but, for the sake of variety, I will proceed differently. 

Taking the difference of the two values of I found by the 
formula of Ait. 12, the change of internal voA will be 

1,-1, = A,- A, + p,v, -p, V,, 
where the snfGx 2 refers to the end, and the suffix 1 to the 
beginning of the stroke, while 8=-016 is omitted, and Vj Vi 
are the actual volumes of 1 lb. of steam : 



since V, -i- V, is the ratio of expansion r. 

Now let p, be the mean pressure which working through- 
out the stroke would do the same work, then : 



and 
thus 


iL.H4.v,_=i,-r,, 

A, - A, = - 772 ((, - 1,) noarly ; 




- - p, 5-se(t, -M 

Pm=P, Tr 



In the present example if we seek (, t, from Table I., the 
difference will be found to be 119^, also by Table V. 
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= 22*1 (*, = ». 

Tbeao results give the line of mean intenml-work-presanre 
I^ I_ for two caaes which may be regarded as extremes. 
These linea differ from the corresponding lines in the pro- 
ceding diagrams only in the circumstance that the pressures 
are supposed reduced to the whole stroke instead of, as btfore, 
referring to the expansion alone. Should an error of ^ lb. 
have been made in estimating the terminal pressure, the 
effect would be to shift the lines up or down by about 6 lbs. 
pressure. 

Now the external work is represented on the same scale by 
the mean forward preeaure p„ which may be taken at about 

20 ■ 2 lbs. per square inch, diminished by — , which represents 

the admission work. This difference is 15 -5, and is shown 
by the dotted line 8 8. 

The heat expended is the sum of the internal work and 
the external work, and is represented by a pressure on the 
piston of 42 " 8 if the steam be dry at the end of the stroke, or 
37 ■ 6 if it contain one-third water. Now, the mean effective 
pressure was 18*2, and hence we learn that the heat supplied 
during expansion must have been 2-35, or 2-07 times the 
heat^quivaleut of useful work done, and hence mu£t have 
amounted to 100, or 88 thermal units per I.H.P. per 1'. 

Again, as in previous examples, the heat abstracted by the 
cylinder during liquefaction at admission is represented by 
a rectangle the height of which is the intemal-work-pressure 
-I- the actual pressure, and Uie base is the volume of e 
condensed. This must be reduced to a rectangle, th< 
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of which is N, then the height of that rectangle will be the 
equivalent pressure on the piston. 

First let the steam be dry at the end of the stroke, then 
the volume of steam condensed is represented by A A« on the 
same scale that N represents the terminal volume ; thus 
since it was shown above that A Aq is 2*79 cubic feet when 
N is 56 ' 6 cubic feet, it appears that in the reduction we 
must multiply by ' 0493. Referring to Table Y. the internal- 
work-pressure is found to be 596, and hence 

Required pressure = (596 + 56) x *0493 = 32*14. 

This represents an abstraction of heat equivalent to 1 '76 
times the useful work, or about 75 thermal units per LHJP. 
per 1'. The difference between this and the heat supplied 
during expansion is 25 thermal units per LH.P. per 1' which 
must have been supplied by the steam jacket in addition to 
the exhaust waste, which, if the steam were really dry at the 
end of the stroke, may be supposed small. 

Secondly, if the steam be supposed to contain one-third 
water at the end of the stroke, no doubt an extreme suppo- 
sition under the circumstances, the volume of steam con- 
densed in admission, assuming as in previous cases that the 
boiler supplied dry steam, is found from 

a;, — X, = -345 x, (see above, p. 158); 
.'. a:, = '655 0?, = -43, or 1 - ar, = -57. 

Volume of steam oondensed = '57 x 7*51 

= 4*28 cubic feet per lb. 

Terminal volume .. .. = 56*6 x «, = 56*6 x *666 

= 37* 7 cubic feet per lb. 

.*. Required pressure .. .. = 652 x 4*28 + 37*7 

= 73*8. 

Thus the heat abstracted during admission is 4 * 06 times the 
useful work done, or 174 thermal units per LH J. per 1'. 
Subtracting the heat supply, we obtain 86 thermal units per 
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H^ I.HJ". per r, whicli together with the jacket heat would form 

P the exhaust waste. 

Tliese results will show how far it is possible to go without 
further information than is fumiabed by an accurate indicator 
diagram. The accuracy of the diagram is not discUBsed 

I here, and the complicated effect of clearance and wire- 
drawing here neglected may have coosiderable influence on 
the results. 
62. Before leaving this part of the subject, another foiv 
mula may be mentioned which is of great use in theoretical 
questions. 

In Chapter III., Art. 25, it was shown that tlie total heat of 
formation of steam at the end of the stroke of an engine is 
given by 

, if the steam be then dry, or if the steam be then wet, 
Q = *, - A, + ., L, + (P. - P.) «,o, (Art. 26), 

^ the notation being as explained in the articles cited. 

Now there is no reason to restrict this formula to the end 

[ of the stroke, the reasoning used being applicable in any 
case, only P. must now mean the mean pressure exerted on 
the piston during the part of the stroke considered, while Pj 
becomes the pressure at the end of that part. Let the port 
considered then be the admission, then P„ — P^ vanishes and 
Q' = A, — Ag + X, Li is the total heat of formation initially, 
where the suffix 1 corresponds to the commencement of the 
stroke. This may also be seen by considering that the total 
beat of formation is in this caae identical with the total heat 

I of evaporation. 
If now S be the heat supplied during expansion, S must 
be identical with Q - Q', I 

.-, B = A, - *, + L, T, - L, X, + (P_ - PO X, p, . 
WhJ( 
expf 



I which determines the heat supplied to 1 lb. of steam dtt 
izpansion, when the initial and terminal state of the Bt 
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ia known together with the mean forward pressure exerted od 
the piston dun'ug admission und expansiou. The results of I 
the last articles can also be obtained by use of this formula. 

63. The examples given in the present section show suffi- 
ciently how to (leal with ciises in which the law of expansion 
is known, by experiment or otherwise, and it is required to 
find the law of supply, and at the same time fumisb materials 
for subsequent consideration. I next go on to the converse 
question, where the supply of heat is supposed known, and it i 
is required to find the law of expausion. 

Expamioii of Steam under a Given Supply of Heal. 

64. When the supply of heat is given for each step of the 
expansion, it is then possible, at least theoretically, to con- 
struct the osponaion curve step by step, so that the given 
supply may he equal to the internal work -(• *he external i 
work. The data of the question would be, either the heat I 
supplied during each degree of the fall of temperature which j 
always takes place whatever the law of expansion be, or else 
the supply of heat as the volume increases by a given 
amount : it is the first case which is the most simple, and at 
the same time generally the most important, and to that 

I shall confine myself in the present chapter. 

Case I. — First, suppose tlrnt no heat ia supplied to the 
steam during its expansion, then the expansion curve is, as 
in the case of air (Chapter IV.), called the " adiabatic " curve, 
the form of which it is our object to investigate. Adiabatic i 
expansion does not occur in practice, for it presupposes a 
perfectly non-conducting cylinder, but its consideration J 
is nevertheless indispensable in any theory of the steam | 
engine, both as an interesting ideal case, and because, 
although the whole mass of steam cannot expand adiabatically, 
yet the central portion, not in immediate contact with the I 
sides, probably does so. The general nature of the curve i 
can be foreseen from what was said at the commencemenij 
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H of this chapter, when we considered the expansion of dry 

" and satnrated Bteam ; for it was there shown that, to keep 

steam dry, heat ninst be snpplted from without, and the 

necessary inference is fliat, if the heat be not supplied, the 

I steam will condense, and hence the adiabatic curve mnst fall 
below the saturation curve. On the other hand, it cannot 
fall much below, for it has been a!ready seen what a small 
difference in the expansion carve corresponds to a great 
difference in the heat supply. 
To construct the curve it is only necessary to remember 
that the whole external work done in expansion must now be 
derived from the internal energy stored up in the st^ara 
itself, that is to say, it must bo equal to a diminution of 
internal energy which must take plaee during the expansion. 
Thus, if the steam expand from a point 1 to a point 2, 

til — I, = Anuofcitrrei 
or with the previous notation (Art 61), 

5'80(/, — M+PiV, -pjV, = Area of curve: 
where areas are supposed expressed by the product of a 
pressure in lbs. per sqnare inch and a volume in cubic feet. 
The construction of the curve is now to be carried out. so as 
to satisfy tliia equation. 

In Fig. 17 X is ai usual the volume axis and T the 
pressure axis from which lines are drawn with ordinates 
representing the pressures 15, 20, 25, 30, 40, 50, 70 lbs. per 
square inch, and any other pressures which may be required ; 
for convenience, such pressures are chosen as occur in 
Tables III, and V. Corresponding lines in the lower part 
of the figure show the internal-work-pressnrea taken from 
Table V. ; these lines are distinguished by the numerical 
values of the pressures in question being written against 
them. 

Imagine, for example, that we have dry steam at 70 lbs. 
pressure, and take A on the corresponding pressoi 
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as to represent ita volume, that ia to say, 6 "09 cubic 
Let that eteam expand, according to tlie curve A B, till i' 
presBure has fallen to 50 lbs. per square inch without gtun 
or loss of heat, it is required to find the corresponding 
volume, which we already know to be less than 8-35 cubia| 
feet, the volume of dry steam at that pressure. 

Complete the internal-work-rectangle corresponding to A 
precisely as in previous questions, but let the internal work 
be reckoned from watfir at the lower temperature of B 
instead of from the upper temperature of A ; the construction 
is shown in the figure, resulting in the line S S which forms 
the base of A's rectangle ; while the base of B's rectangle is 
simply the line of intemal-work-pressure corresponding to B, 
which in the figure meets the vertical through A in G. Now 
draw the line Z I. I_ midway between A and B, the ordinate 
of this line must represent the interaal-work-preseure corre* 
sponding to the expansion from A to B wherever B is, 
exactly if the expansion curve were a straight line between 
A and B, and very approximately if, as is actually the case, 
the line be carved. Hence, by the same reasoning as is 
previous questions, it is clear that the other side of B'a 
rectangle will be determined by joining Z G and producing 
it to meet S 8 produced in K, then a vertical throogh K 
must detenniue B ; the difierence of internal work at A 
and B being then equal to a rectangle, the area of which 
is vei-y approximately the eamo as the area of the expansion 
curve A B. 

The construction can now be repeated as often as desired, 
and the adiabatic curve is thus determined. The figure 
shows expansion by successive stages, from 70 lbs. pressure 
to 15 lbs, pressure ; the numbers written below the axis give 
the volumes of the expanding steam at the pressures indicated 
by the ordinates, while the numbers written above the expan- 
sion curve on the level of the line of 70 lbs. pressure 
represent the corresponding volumes of dry steam, as shows 
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bythe saturation curve A D' dotted iu llie diagram ; thiia, 
ihe volnme of steam condensed at each step of the ex^ianaion 
18 the difference of these numbers. 

The process here described requires considerable care to 
obtain accurate results ; hence, when great exactness is desired 
in the determination of the condensation, numerical calcula- 
tion ia preferable, according to a formula to be explained in 
the next chapter, or by the method followed in Case II. im- 
mediately following ; the numbers given in the figure were 
obtained in this way.* The results show that in the whole 
expansion the ratio of expansion is 3-88, aud the steam 
condensed 2 '3 cubic feet ; that is to say, when steam 
expands adiabatically 3*88 times from a pressure of 70 lbs. 
per square inch, the terminal pressure, instead of being 18 ■ 1, 
as would be the case if the expansion were hyperbolic, is 
nearly 3 lbs. less, and about 9 per cent, of the steam is 
lique6ed. Inspection of the figure gives a clear idea of the 
grad-ally increasing liquefaction as tho pressure falls. The 
mean pressure in adiabatic expansion can always be found 
when the terminal volume and pressure are known by in- 
yerting the construction of the present article and apply- 
ing it to the total expansion. This is illustrated in the 
Appendix, Note C. 

65. Case 21. — Secondly, as before, let the expansion be 
adiabatic, but let the steam be initially wet, then the con- 
Btructiou is in general identical with that just given, and the 
general results can be foreseen. The position of the lines of 
internal-work -pressure is unaltered, but the rectangle repre- 
senting tho effect of difference of temperature is of smaller 
breadth, and consequently greater height ; thus, the lines S 8 
are all shifted downwards, and consequently the points K 
{for the same initial volume) shifted to the right ; that ia to 
say, the volume of the steam is greater (relatively to the 

• AnoUiet (brmuk ia giveo in Iho A|ipuii(lii. Noto C, by meaM of wliich 
the ooDdeiuntiDn cbd bo Tound approximately itilh gnaX bcility. 
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initial Yoliime) than if the steuni had been initially dry. 
Thus wet steam does not condense so fast as dry steam nhen 
expanding adiabaticaliy. 

The extreme case of wet steam is when there is no steam, 
but only water initially, and then it is obvious that vater 
must be evaporated, uot steam condensed, on dimiuulion of 
pressure. In Fig. 18 let N represent '016, the volume of 
I lb. of watei- enclosed in a cylinder behind a piston, and let 
the piston be loaded with 70 lbs. per scjuare inch (say) ; 
take A N to represent that pressure, and draw horizontal 
lines to represent various pressures as in the previous case. 
Kow imagine tlie temperature of the water to be 303°, 
corresponding to 70 lbs. per square inch, and then suppose 
that pressure gradually to dimiuisb ; the water will gradually 
evaporate and its temperature fall, it is required to find the 
expansion curve. Wo might employ the purely graphical 
method of Case I., introducing a suitable modification, but 
instead of this, I shall proceed differently by a method like- 
wise applicable in Case I. and the following Case III. Let 
the point of departure A be denoted by 1, and let the next 
point corresponding to a pressure of 60 lbs. be denoted by 2, 
as shown on the diagram, then if, as usual, 

I = i + P (V - 0. 
we can now no longer neglect s, because V is a small quantity ; 
hence, since V, = s, the formula employed in the last article 
becomes 

5-3S(/i, - *,) -ft . (V, - 5) = Area of curve, 

in which A, - hi is not replaced by its approximate valne 
i, — i, , because the error thus introduced is much greater 
than in previous cases. Now, for the area of the curve 
between 1 and 2, it is sufficient to consider the curve as a 
straight line between these points, then 
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mtrodacing wliich into the foregoing equatiOQ, and replaciiig 
j)j by its valac, oamely, 633 ■ 4 lbs. on the squiire inch, 
(V, - (G33-4 + 65) = 5-36 (A, - A,). 

On referring to Table Ho it will be found that the gpecjfic 
heat of water between 303' and 293° is abont 1-025, hence 

A, - A,= 1025((, -(J = I0-25no»rlj; 

substituting and perfornung the numerical catcalations^ 

V, - < = -0802, V, = ■0963. 

90 that the Yolumo of the mixture of steam and water is 
about -0962 cubic foot. The point 2 can now be laid oflTon 
the diagram, and shows the Tolume at a pressure of 60 lbs. 
per square inch. Now pass on to the point 3 on the line of 
50 lbs. pressure, then considering that area as a pair of 
trapezoids, 

AjBaofourTenptoS^eS x 0802 + {V, - V,)55; 
.-. Area = 5-2 + 55 (V, - V,), 

and the equatiou becomes 

S-3 + 5S CV, - V,> = 5-36 (h, - h,) - p, (V, - 0. 

or 

5-2 + (V, - V,) 0>, + 55) = 5-36 (A, - A,) _ p, (V, - i). 

Replacing Pj by its value, namely, 540 lbs. per square inch, 
and Ti — s by its value just found, 

5-86 (*, -A,)- 540 X 0902-5-2 

Assume the specific heat of water by Table Ila as 1 '02, then 
A, -A, = 1-02 ((,-(,) = 1-02 (303° -281'"); 

substituting which and performing the arithmetical opera- 
tions, 

v,-v,= -119, 
whence 

V, = -119 + 
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TtiB process can be repeated indefinitely, and hence the 
Tolume of the stenm is determined after a fall of pressure of 
any extent; the resulta are shown go far as 15 lbs. in the 
diagram by the numbera placed against the ordinatea above 
the volnme axis; whence it appears that the volume of the 
miztnre, after the pressure has fallen to 15 lbs., ia about 
2"3 cubic feet. 

Thns it appears that when steam is very wet, icBtead of 
condensation taking place during espansion, juat the reverse 
is true, some of the water being evaporated. Of course it 
follows that some proportion of steam to water must exist for 
which neither evaporation not condensation take^ place. 
This proportion ran be found either by graplnc construction 
or by an approximate calculation of tlie kind just made, or 
by a formula which will be given in the next chapter; it 
varies for each particular case, but never difiers greatly 
&Dm half. 

66. If, instead of supposing steam, or a mixture of steam 
and water, to expand, we imagine conversely that it is com- 
pressed by a gradual increase of the pressure on the piston ; 
then the effect produced is exactly reversed. In the case of 
moderately moist steam, the moisture is gradually evajjorated 
as the compression proceeds, and when sufficiently com- 
pressed the steam becomes superheated. In the case of 
very wet steam containiug more than half its weight of 
water, condensation takes place gradually as the compression 
goes OD, and that the more rapidly the wetter the steam ; 
thus, if the comprcssiou be sufficient, the steam is wholly 
condensed, and this is what was supposed in Art. 46, Chap. V., 
when considering the action of a perfect steam engine. 

67. Case III. — Next, instead of supposing, as in the two 
preceding coses, that no heat is supplied or abstracted durin] 
expansion, let us imagine that heat is added us the tempera 
ture falls by equal quantities for each degree. This will be 
realized if the steam be supposed to expand tn a uon- 
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tothapirtaa; Aea the ta^enCne ttf dw phte wSI « 
Ulov tfcat of the rtem. ad if ila ipeeifa bort be ■ 
eoMlaBt, it w31 s^pfr the ileeB with eq«el <; 
beat m Ihe t i pa wt g w of the otem bib tfinxi^ i 
digne. Let Oe vdi^ of the piste be ei toMtt Aa ^ 
the ileaiB mad ito ipedfie heat e, thai the hmt ai^fdied 
pet Bk of eleaa w3l be m & 

B of aoeh • netftlHepkle m ^trj iitteraetiiip 
. i—**-*"" Btan doselj than may other 
s to be thoKM^ilj iiiTestigated, the 
teal eetioa of the adea of die cflmder. 

Let f be the t empaa tnge of the exfaaott Eteam, and t be 
ths tenpefaton ioidallT' in tite e^^iinder ; then dd admissoo 
the |lale hie ta> be heated from f to f by the &esh Bt«am 
tnm the botkr, vhoetiy me{i — f) thermal nnits are snb- 
tncfted boa that flteam, aod 1 - z Uh. are liq[tiefi«d, given by 



Thie Bqnefied steam b deposited as a fihn of moisture <m 
the sot&ce of the pUte, whidi is aftenranfa ie-«Tspoiated, 
partly dniing expansioD and partly during exhaust. This 
proceee 19 highly instmctiTe, and will be carefully examined 
hereafter; for the preaeot we are only concerned with its 
effect on the expansioD corre. 

Let Q be the amount of heat furnished by the plate as the 
expansion proceeds &om a point 1 to a point 2, then by the 
general principle 

R«ftl Expended = Intenul Work + Extanul Wofk, 
Q - I, — I, + Area of expiiiiaioii cnrte ; 
or ludng the same formaU as in Art. 61, 

Q = A, - A, + F, . (V, - .) - f , (V, - 5) + Are* of cniT. 

Omitting « and writing as oeaal 



- *, = 6-8S t*. - 1^ 
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to correspoiid with pressures in lbs. per square inoh, 

Q=P, V, -p', V, -5-3G0, -O + AMftofcurm; 
but OD the same scale 

Q = iiio(f| - (,) X 5-36, 

and therefore 

5'36 (1 + mc) (t, - (J + p, V, - p,V, = Awci of ouTYe. 

The construction of the curve is now to be carried out so as 
to satisfy this equation. On comparing the equation from 
which the adiabatic curve was constructed in Art. 64, it will 
be seen to differ solely in t, — t^ being replaced by (1 + mc) 
{li — t^, and the construction must therefore be the same 
save a. slight modification. To fix our ideas, let us imagine 
the plate to bo of iron, the specific heat of which ia -VI, and 
let the weight of the plat^ bo 8 "33 times that of the 
espanding steam ; then m o = 1, and in the construction we 
have only to use 2 (t^ — ^) in place of li — tj. 

This has been done in Fig. 17, which shows the confltmc- 
tioD on the further supposition that the steam contains 
initially one-third water; the inner strongly dotted curve 
abdia the espansiou curve. As before, to obtain very exact 
numerical resnlta, a calculation method is preferable, such as 
the process adopted in Case II., or the formula given in a 
subsequent chapter (Chapter VIII.), The numbers given in 
the diagram at the various points of the curve abd were 
obtained in this way ; those immediately above the volume 
axis representing the actual volumes of the expanding steam, 
and those in the upper part of the figure giving the volumes 
of steam containing one-third water, as shown by the faintly 
dotted curve of uniform wetness a d'. The first set of 
numbers ure the greater, showbg that the action of tb" 
plate is sufBcient, not merely to prevent the condensal 
which would otherwise take place, but make the steam o 
siderably drier. Thus, at the end of the stroke the eteo 
occupies 18 "8 cubic feet, instead of 17 '27 cubic feet, as i 
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A = 71-5. 
A Etmilar calcalaboa is made for each of the fire other 
stages into which the expansini b divided, whence is 
obtained 

71-5 :5i* :388: ag-s ; s-s : nr. 
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numbers whicii eliow the mean pressures equivalent to the 
boat expeniled during each of the six stages of the expansion, 
from which the curve is readily constructed; it evidently 
falls a little below the axis at the higher pressures and 
almost coincides with it at the lower : to avoid confusion 
it is not represented in the diagram. In udiabatic expansion 
the curves of internal work and external work obviously 
coincide. 

The expansion of steam in contact with a thin plate does 
not differ materially from the expansion of wet steam ; indeed 
the cases would be identical if the specific heat of the metal 
varied according to precisely the same law as the specific 
heat of water. For it is clear that the material of the plate 
does not influence the result in any other way, and conse- 
quently we may just as well suppose a mass of water as a 
mass of metal. The water, however, will follow the tem- 
perature of the steam more readily than the metal when the 
expansion is rapid; an important consideration, as will be 
seen hereafter. 



hodynamic Expansion. General Remarks. 
68. One otlier case of expansion remains to be mentioned ; 
namely, that in wbifh the supply of beat is just equivalent 
to the external work done, so that the internal energy of the 
expanding steam suffers no change. This is called iso- 
dynauiic expansion, and in perfect gases is the same aa 
isothermal expansion (Art. 33) ; so that the expansion curve, 
or, as it is called, the isodynaraic curve, is a common hyper- 
bola. The curve of internal work then coincides with the 
volume axis, and, consequently, on comparing Articles 52, 
of the present chapter, it appears that the isodynamic en 
must lie between the saturation curve and the comm 
hyperbola, and honco differs very little from either; mort 
over, it follows that in this kind of expansior ^ tm 
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becomes drier as it expands, though not so rapidly as in 
hyperbolic expansion. This curve likewise represents the 
relation between the volume and the pressure of saturated 
steam when expanding without doing any external work. 
(See page 80.) 

The isodynamic curve is graphically constructed by an 
easy modification of the process adopted for the adiabatic 
curve (Art. 64) : we have only to draw the radiating lines 
(Fig. 17) through the fixed point instead of through the 
middle points of the corresponding pressure intervals ; then 
a curve will be determined for which the intemal-work- 
rectangles are constant, and this curve, by the definition, is 
the isodynamic curve. 

69. The principal object of the present chapter has been 
to point out the connection between the expansion curve of 
steam and the supply of heat during the expansion, as had 
been already done in the case of air in Chapter IV. ; and we 
see clearly that in both steam and air the law of expansion 
depends solely on the treatment of the fluid as regards the 
reception or rejection of heat, as has been already shown in 
general terms in Art. 29. 

The graphical methods employed for steam may also 
advantageously be used for air, but are much more simple, 
because the internal energy of air, reckoned from the absolute 
zero, is always represented by a rectangle constructed on the 
base V, with a height 2*45 P. (See page 80.) With this 
modification the construction representing the heat supplied 
during expansion, or for the adiabatic curve, may be carried 
out exactly as explained in detail in the case of steam. (See 
also Appendix, Note C.) 




( 176 ) 



CHAPTER VIII. 



ENGINES RECETVINO BEAT AT VARYING TEMPERATURE, 

70. In all that was said in Chapter V., it was supposed that 
a single source of heat, at a given fixed temperattire, existed, 
from which the engine v/m wholly supplied : but I now 
resume the suhject, for the purpose of considering cases in 
which the heat is drawn from various sources at various 
temperatures. It is true that, in general, the heat is actually 
derived all from the same source, but we shall fiud that the 
results are not dependent on the temperature of the source, 
but on the temperature at which the engine receives the 
heat : so that they apply to the large class of engines which 
receive a portion of their lieat at varying temperature, and 
not at the fixed temperature necessary for maximum efficiency. 
Take a simple engine, such as that of Fig. 9, Art 36, and 
imagine, instead of a single source of heat and a single refrige- 
rator, Tarious sources of temperatures, T,, T,, t&c, the tempe- 
rature of the refrigerator being T^, Suppose the engine 
working with any fluid, as, for instance, a mixture of steam and 
water, and, at the beginning of the operation, let the tempe- 
rature of the fluid be T, , the temperature of the corresponding 
source of heat : then, if that source be applied, the fluid receives 
heat and increases in volume. In Fig. 19 it is supposed that 
the fluid is initially water, and eva[>oral«s partially, till its 
volume has increased from Z A to Z B, during reception of 
quantity of heat Q, from the first source; the pressure, 
coarse, in this case remains constantly at its initial valui 
Now remove the first source and allow the fluid to expanc. 
without gain or loss of heat : Uie adiabatic curve B C is 
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described, while the temperature falls from that of the first 
source to that of the second (say Tj ; next, instead of allow- 
ing the expansion to proceed, and the temperature to fall, 
, FiQ, 19, 




apply the second source of heat, which causes a further eva- 
poration at the constant pressure, corresponding to T,, during 
the reception of a quantity of heat from that source wfaich 
may be called Qj : the corresponding increase of volume is 
represented in the figure by C D. Repeat tliis process for 
all tlie sources of heat, the last adiabatic curve being L L', 
while the temperature finally falls to T„, the temperature of 
the condenser ; then let heat be abstracted by the refrigerator, 
till the volume M L' of steam has been condensed, the point 
M being so taken, as in the simpler case of Art. 46, that the 
mixture of steam and water returns, after adiabatic compres- 
sion, represented by the curve M A to the state of water at 
temperature T, . As in all other heat engines, the area of 
the diagram represents the energy exerted by the fluid during 
the circular process to which it is subjected ; and the only 
question is to find the relation between that area and the 
quantities of heat Qi , Q,, Q^ , &c,, received at each tempera- 
ture. This can easily be done by reference to Chapter T. : for 
imagine the adiabatic curves EC, D E, &o., prolonged to 
meet the horizontal line M L' in B', D', F', &c., then each of 
the curved quadrilaterals A B', C D', &c., may be considered 
as the indicator diagram of a simple engine, sucli as was con- 
sidered in Chapter V., which receives heat from its own source, 
and rejects heat into the refrigerator : satisfying the condi- 
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tions of maximum efficiency for engines working between 
given limits of temperature. But from Art. 46 it appears 

T- T 

that the area of such a diagram must be Q . — ^p— ^ 

where Q is the heat received, and T the temperature of the 
source; hence, if U be the whole area of the complete 
diagram, it follows that 

u = Q..^^^ + Q..i^ + Q.^ (A) 

an equation which shows that the area of the diagram, that 
is to say, the work done by the engine, depends solely on 
the quantity of heat supplied from each source, and the tem- 
peratures at which it is supplied. 

Moreover, let Q be the whole heat supplied from the 
various sources, and R the heat which passes into the refri- 
gerator, then 

whence by subtraction of the preceding equation and division 
by To, we obtain the general relation 

f; ~ f; ■*■ T, ■*■ f, ■*■ • • • • ^^^ 

In drawing Fig. 19 and in the description, it was supposed 
that the engine was a steam engine, but this is not at all 
necessary, precisely the same reasoning applies to any 
engine, but the lines A B, C D, E F, &c., of the figure will 
now no longer be straight, but will be the isothermal curves 
proper to the particular fluid considered : thus for a perfect 
gas these lines would be rectangular hyperbolae. Hence the 
equations (A) and (B) are true for any engine receiving heat 
in the way supposed, provided only that none of the expansive 
energy of the fluid is dissipated by unbalanced expansion. 
(Art. 39. See also p. 70.) 

71. Engines rarely receive heat from various sources in 

N 
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the way Bup])osed, and the great importance of the result 
arises from the fact that it is im mater iiU from whence the 
)ieat is derived, provided that the fluid receives heat at the 
tj.niperiitiiree supposed. For example, in the perfect steam 
en^'iiio of Art. 46, the heat is derived from the hot gases of 
t!ie furnace at a temperature much higher tlian ihat of the 
boiler : jet, iu considering the efficiency of the engine, it ia 
the tempenitiire of the boiler which is considered, not that 
of the furnace, because it is at the temperature of the boiler 
that the flu-id receives lieat. 

Tliua the results are applicable to any engine whatever, 
receiving hijat at any feni|ieratnre8, provided only that the 
whole expansive energy of the fluid is properly utilized. 
Subject to this proviso, tho following general statemeuts 
n-ay be made, which are equivalent to the foregoing 
equations. 

First. — Tite efficiencij of everi/ possible heat engine depends 
soMij on the mode in which it is supplied u-iih heat, and 
not at all on the nature of the fluid or arrangemetit of the 
engine. 

This principle is the lust step of a gradual generalization, 
of which the principle laid down in Art. 29, Chapter III., and 
Ciirnot's principle explained in Art. 40, Chapter V., are special 
cases. In Chapter II 1. it was shown that it is a necessary con- 
sequence of the principle of work, that the energy exerted, 
by a given quantity of a given kind of fluid, is independent of 
the {>articular kind of machinery, by means of which that 
energy is utilized. In Chapter V. we found that although the 
mngnitude of the energy exerted varies according to the 
nature of the fluid, yet, when it receives and rejects heat at 
given flxed temperatures, the proportion which that energy 
bears to the heat expended, that is to say, the efQciency of 
the engine, is the same for all fluids, find consequently for 
all possible engines. Now we go a step farther, and assert 
that this will be the case, not only when the engine receivea 



1 



1 




SEOsrmia HitiT at vabyino tbmpbbahteb. 179 

heat ftt one fixed temperature aud rejects beat at another 
fixed temperature, but also when it receives heat at any 
number of lemperaturee, provided ouly tliat the quantities of 
heat received at the varions temperatures aie in the same 
proportion. 

Tlius, if the hiw iiccordiug to which heat ie supplied be 
supposed given, an engine will be of maximam efBciency, 
»nd hence may be said, in a certain sense, to be " perfect," 
even though it receives heat at varying temperature, the 
only condition of maximum efficiency being that there shall 
be no unbalanced expansion. Actually, however, it Is only 
the highest temperature at which heat is supplied which 
can be considered given, and hence it is only engines which 
receive the whole of their heat at that highest temperature 
which can properly be considered as "perfect": all others are 
of less efficiency, because they receive some of their heat at 
Et lower temperature. 

I have supposed lor simplicity, as being sufficiently general 
for my purpose, lliat the heot is all rejected at a single tem- 
perature, but this restriction is not necessary fur the truth 
of the reasoning employed. 

Secondly.—//" the heal received nt any lemperttture hy a 
heat engine be divided by that temperature {aitadute), the mm 
of the qiwlientg »> unaltered hy the jxusaffe of the h«at through 
the enrjine. 

This principle is merely the expreiision in words of equation 
(B), and amounts to saying, that although heat disappears 
(being changed into work), during its passage through a heat 
engine, yet that a certain quantity, found by dividing the 
heat by the temperature at which it is used, is unchanged, 
if the opportunity of turning heat into work, presented by 
the available difference of temperature, has been duly 
ntilized. 

Zeuner has called this quantity a " heai-weiyhl," thus 
developing further Carnot's analogy between a heat ei 

N 2. 
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and a water-poiver engine.* Let W be tbo weight of water 
used iu a perfoct water wheel, A — A, ths &UI, then 

U = W (A - V 
is an cquatiou ivhicli ^tob the work done hy (he machine : 
or, if tliero be various quantities of water, falling throngh 
larioua heights, 

1) = W, (A, - *J + W, (A - *.) + . ■ . ■ 

Now compare this with the general fonaola (A), 
u = ^3 (T, - T,) + 1; (T, - T.) + . . . . 

and it will be seen that juat as the difference of temperature 
correspondfl to the fali, so the quotient ^ corresponda to the 
weight. 

I shall use thia term " heat-weight " occasionally as a 
tmnie for the qiiutient in question ; but analogies of this 
kind, thougli useful at the outset of the subject, must not be 
jiushed too far, and should be considered merely as aids to the 
imagiuation: the things compared are essentially different. 
In particular the analogy fails for imperfect engines ; in such 
engines the " heat-weight " increases during the passage 
through the engine, 

72, Again, let two engines of the same power be imagined 
having the same refrigerator, but different sources of heat at 
temperatures T,, T^; then if U be the work done by each 
engine, Qi, Qj, the heat expended, 

u = J (T, - T.) = ^ . (T, - Tj. 

JiOt one of theae engines be applied to drive the other back- 
wards, as in Art. 39 : then, since the power of the engines is 
the same, the combination is self-acting, and we see that a 
small " heat-weight," descending through a great difference 
■ ' GraQdziigo der UerhaniachtK ' ' ■"orjo,' p. 68. 
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of temperature, is able to raise a large " heat- weight " through 
a small difference, or conversely. 

In applying the second law of thermodynamics (Art. 40), 
this must be taken into account, for let T2 be greater than 
Ti, and consequently Q2 less than Qi, and let the second 
engine work the iSrst backwards, then an amount of heat 
Qi — Q2 is drawn from the refrigerator, and transferred to 
hotter bodies, by a self-acting process, in apparent contra- 
diction to the second law. But it must be remembered that 
this is accompanied by a descent of the heat Q2, partly to the 
level of the refrigerator, partly to the level of the first source, 
and, when that descent is taken into account, it will be seen 
that the result in question is not a contradiction of the law, 
but merely shows that the passage of heat from a cold body to 
a hot one, spoken of in the second law as impossible, is one 
which is uncompensated by an equivalent passage from a hot 
body to a cold one. 

An interesting process was invented by M. Him, and 
applied by him as an objection to the second law, at a time 
when he had not fully accepted the mechanical theory of 
heat. Suppose we have a pair of cylinders, open at the top, 
placed side by side, and provided with pistons and roda The 
piston rods have racks attached to them, which gear into the 
same pinion, in such a way that when one piston rises, the 
other necessarily falls by the same amount. The cylinders 
are connected by a pipe, and contain fluid of any kind 
capable of expanding by the action of heat ; then, since the 
cylinders freely communicate, the pressure necessarily is the 
same throughout, and, if the pistons be of the same area, the 
pressures are then obviously exactly balanced, so that they 
may be moved up or down without doing any work neglecting 
friction. 

Now imagine a source of heat to be applied to the pipe, 
by means of which the cylinders communicate, and let one 
piston bo at the top of its stroke, the other, of course, bei^ 
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at the fame tin'? at the bottom; farther, let the t^mperstnre 
of the fluid be less than that of tbe Boorce, Then, if the 
6r<t piftoD desoends the fluid passes into th^ second crUader, 
and. in doing so. reoeives heat from the source, as it passes 
tliroajh the pip^ and incpeases b preHiare. This increa^ 
of presiTire goes on roDtinoaUy sa more and more floid passes 
through the pipe, and heit<^ the portion of fluid which first 
pa»es through is compressed by the pressure of the re- 
mainler, and itB temperature rises so as to be greater than 
whtn it dr^t passt-d ihtoogh. Bat when it first pas^ throogfa, 
its tem|H>rature was that of the source of heat, and thus its 
final temperature i$ gr«fli«r tfaan that of the source. 

Here, then, «e hare an apparent contradict ion to the 
second law, for it would seem that, vithout doing axij work, 
the temi>eratiiP& of a oertain quantity of heat has been raised 
above that of the sooTi-e from which it was derived: the 
tiniil ry-fult Ix-in^ that ererr particle of gas has a tempera- 
ture ttt lea>t equal to that of the source, while the greater 
jwn of it has a givater temperature. 

The eoutradiotion. however, is only apparent, and the 
pnx'^ss is well suited to show the real nature of the second 
law. If the process be examined it will be seen that the 
rise of temperatiin.' is only possible when the gas has a 
lower temperature iuiti.-dly th.'tn the source of heat, and 
that the heat fiMm the soun-e, iu the first instance, descends 
from the temperature of the sourv-e to the temperature of the 
gas. It is this descent only which renders possible the 
subsequent elevation, and the elovaiion can never be more 
than equivalent to the des<'ent. For example, suppose that 
we attempted, by a self-acting prvn-ess of this kind, to cause 
the heat of a condenser to [«?« into the Kiiler of a steam 
engine, and so to utilize it : for that purp<^o we niu^rt have 
a sour\-e of heat of a higher tomjieratiirv' thmi that of the 
condenser, from which a supply of heat may be drawTi, and 
the heat, which conld be elevated from condenser to boiler 
by the proce^ is no more than been utilized bj 
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tlie direct employment of the heat from the source to work 
a heat engine between the temperature of the source and 
the temperature of the condenser. 

It is, however, not inconceivable that some process of 
this kind might be invented to utilize small differences 
of temperature, or inconveniently low temperatures: for 
example, the difference of temperature between the con- 
denser of a steam engine and the atmosphere is at present 
wasted : and it is within the range of possibility that a 
process might be invented which should utilize it by trans- 
ferring a smaller quantity of heat from the condenser to the 
boiler : such a process would be no violation of the second 
law, but, if perfectly carried out, would simply be equivalent 
to widening the limits of temperature within which the 
steam engine works, as may otherwise be done (theoretically) 
by the addition of an ether engine. (Art. 43.) 

73. In Art. 70 it was supposed that the supply of heat 
took place by successive steps at successive fixed tempera- 
tures : it will, however, seldom happen that this is the case, 
the engine receiving some or all of its heat, in general, 
continuously during a gradual change of temperature. By 
taking the successive temperatures near enough, however, 
this case becomes equivalent to that originally supposed : 
let us suppose that the amount of heat A Q is supplied at 
temperature T, then equation (B) becomes 

Qi, Q2, &c., being supplied as before at fixed temperatures 
Tj, Tj. . . . Thus in Fig. 19, just now given to show the 
operation of a steam engine receiviug heat at varying 
temperature : let us suppose the sources of heat indefinitely 
multiplied, then the broken line B C D E F K L becomes 
a continuous curve, dotted in the figure, representing the 
expansion of steam under a continuous supply of heat, the 
form of the curve depending, as shown in the last chapter, 
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on the quantity of heat supplied at each step of the 
expansion. 

An important case of this is, when the heat supplied 
during a continuous change of temperature is, at every step, 
proportional to the change, as in Case UI. of the expansion 
of steam in Art. 67 of the last chapter. Here we shall have 

AQ = K. AT, 
where K is some constant, whence 

Proceeding to the limit and integrating, 

H T 

and thus it appears that when a quantity of heat is applied 
continuously, in exact proportion to the change of tempera- 

T 

ture, its '* heat- weight " is equal to K log. c jm where T, T^ 

are the limits of temperature within which the heat is sup- 
plied : or, to put the same thing in other words, it is the 
same as if the heat were supplied at the fixed temperature 

(0) given by 

T-T» 

^ = ST • 

When the difference T — TMs not very great, 

e = — ^ — (nearly). 

74. The extension of Camot's principle, given in the 
preceding articles, was discovered by Professor Clausius an.d 
Sir W. Thomson about the year 1854. For further informa- 
tion the reader 'is referred to the second edition,* lately 
published, of Clausius' papers on heat, and to Professor Tail's 
treatise on Thermodynamics. 

* *Dio Mechanisohe Warmetheorie/ Erster Band. Von B. CSautiiiB. 
Braunschweig, 1876. 
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Nature of the Proeess in an ordinary Sleain Engine. 

Expansion of Steam. 

75. We are now in a. positioa to discuss the procese onder- 

gone by the steam in an ordinary steum engine, and at the 

same time to complete tlie study of the espaneion of eteani 

left partly untinighed in the last chapter. 

I shall begin by supposing a non-conducting cylinder, 
complete expansion down to the pressure of the condenser, 
clearance and wire-drawing neglected : also the bock pressure 
is imagined that which corresjKinds to the temperature of 
the condenser. Then the inJicator diagram is shown in 
Fig, 20a, where N represents » (='016) the volume of 
1 lb. of water, A N the rise of pressure as the water is 
Fio. 2a.. Via. 20^. 





forced into the boiler, A B the evaporation of the water till 
the volume has increased from A S to IJ S, B C the expan- 
sion of the steam from volume B S to volume C R, C M the 
condensation of the steam which is carried on till all the 
steam is condensed and it becomes once more water. 

The efficiency of this engine is now to be found by com- 
paring it with an air engine, which receives and rejects heat 
in the same way. In Fig 206 the diagram of such an 
engine is shown : M A represents a rise of pressure at 
constant volume during reception of heal, A B an increase 
of Tolnmo at constant tem]>erature during a further applica- 
tion of heat, B C expansion withont gain or lo!« of heat till 
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temperature has fallen to that of the refrigerator, C M com- 
pression at constant temperature till the air has returned to 
its original state. Different as the two diagrams may 
appear when actually drawn, in a thermodynamical point 
of view they are precisely similar provided the tempera- 
tures be the same, and the quantities of heat, supplied 
at each temperature, be in the same proportion : hence 
the efficiency of the two engines must be the same ac- 
cording to the generalized form of Camot's principle given 
in Art 71. 

Now in the air engine the heat expended or rejected at 
each step of the process is, employing the notation of 
Chapter IV., per lb. of air, 

Daring elevation of temperature Kr (T, — T,) 

expancdon cTilog.^r 

compresaion c T, log. ^ R 



** 
»♦ 



where Tj , T^, are the temperatures at which the air receives 
and rejects heat during its expansion A B and compression 
C M at constant temperatures, r R the ratios of expansion 
and compression (isothermal). 

In the steam engine, on the other hand, the heat expended 
per lb. of steam is 

During elevation of temperature Tj — T, 

„ evaporation ^i ^i 

„ condonBation ^oL, 

where 1 — flJi, 1 — «o ^^^ ^^^ weights of water mixed with the 
steam at the beginning and end of the expansion respectively, 
and Lx, L^, are as usual the latent heats of evaporation 

atTi,To. 

We must now suppose the air engine so arranged that the 
quantity of heat received at constant temperature is in the 
scone proportion to that received at constant volume as in 
the case of the steam engine, that is to say, we must suppose 

<>• T, log, t r J^j_, 
Kr(T.~T.)"T.-T/ 
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but by Art 31, page 82, 

.-. (y- 1) Tj . log. ^ r . = or, L, . 

This condition being satisfied, the air engine and the 
steam engine will receive heat, at the same temperatures, in 
the same proportions, which is the needful condition that 
the efficiency may be the same: thus it will necessarily 
follow that the heat rejected in the two cases is in that same 
proportion, so that by similar reasoning 

(7-l)T,.log..R = ar,L,; 

but, if r' be the ratio of adiabatic expansion in the air 
engine, it is clear that 

R = rr'. 

And by Art. 36 we know that 



and 



T 

. • (7 - 1) log. , r' = log. « ^ , 
(7 - 1) log., R = (7 - 1) log., r + log., |i ; 



whence replacing (7— 1) log., r, (7-I) log.t R by their 
values just given, it is clear that 

-^=-^ + log.,5r. (D 

76. The very important result here obtained may be 
deduced more briefly without any reference to an air engine 
by application of equation (B), Art. 70, expressed in words in 
the second general statement of Art. 71, as modified in 

a* 1 T 

Art. 73 : for the terms -^' , log. c rrr on the left-hand side are 

-■-1 -1-0 

no other than the '* heat-weights " corresponding to the heat 
received during evaporation at temperature Ti, and elevation 
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of tciniieratari! from T^ to T,, while a*,, L^ is tlie lieat rejected 
during coiidi'usatiou at temperature T^ : htdiRe the eqim- 
tioii {!) is only a repetition of the equation of Art. 05. 

It Kliould he remnrked that the vamtJoa iu the s{>ecific 
fayat of water (Art. 3) is neglected, and it is interesting to 
remark wher« the reaaoniDg of Art. 75 would fail if it were 
taken into account. If the specific heat of water vary, the 
same iimounl of heat will not be received at each degree of 
rise of teinpemfure, and lience the processes in the air engine 
and the steam engine will not precisely correspond ; heucQ 
the resultint^ equation ia not quite exact. For some pur- 
poses it is desirable to take this into account, which may 
be done, with sufficient approximation, by employing a mean 
value, greater than unity, for the value of the specific heat, 
chosen, by Table II., according to the range of tomperature 
under consideration. 

Again, it is possible to make equation (I) more general, so 

as to include the cose in which a plate of metal is supposed 

in contact with the steam, as in Case III., Art. 67, of the 

last chapter. If m o be the heat supplied to the steam, as ita 

temperature falls, as explained iu detail in the article cited, 

T. 
then, by Art. 73, its " heat-weight" is m c log. , Fjr.aod tbos, 

if J be the mean value of the specific heat of water, we 
obtain the more general equation 

^ = ^-^ + (q + mc) log. , |l . (ID 

which applies to all the three coses treated in the articles 
cited. It was there shown how to determine the expansion 
curve of a mixture of steam and water by applying a 
graphical or arithmetical process in successive stages ; the 
formula now given enables us to obtain a final result with 
accuracy without going through the intermediate stages ; 
and it may here be noticed that it is possible to deduce the 
formula by applioatios of Boitable mathematical processes to 
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the equation given in Art. 64 of the last chapter, as in fact 
was done in the first edition of this work.* 

The adiabatic curve, then, is determined by the equation, 
derived from equation (I) by omitting the suffix 0, 

T T »p 

« jf = *i ^' + log- f ^ (approximately), 

from which the amount of water in the steam can be deter- 
mined, after expansion till the pressure (and therefore the 
temperature) has fallen by a given amount. Let Y be the 
volume of a lb. of steam at the end of the expansion, then 

V = (c — «)» + » = ©» + « (approximately) 

zz vx (nearly, unless the steam is nearly all water) ; 

/. V -p^ = JPi . ^ + log. c f^ (approximately) 

is an equation which determines the final volume of the 
steam after expanding till the pressure has fallen by a given 
amount. In using the equation it is necessary to suppose the 
final pressure given, and then to find T from Table la, of 
course adding 461 as the temperatures are absolute. The 
calculation is simplified by finding x first and then V. The 
equation is applicable, however much water be mixed with 
the steam initially, or even when there is no steam but only 
water, as in Case IL, Art. 65 ; it difiers from Bankine's 
equation given in his work on the Steam Engine (p. 385) 
only in notation and in being more general, as Bankine has 
considered only the case in which the steam is originally 
dry. The formula was discovered by Bankine and Clausius 
working independently.! Two numerical examples will show 
how it is applied. 

(1) Dry steam at 302° expands without gain or loss * 
heat till its temperature has fallen to 212°, or, what is 

♦ Soe Appendix, Note D. 

t Tbo extension of the formula to the case where heat is lOi 
steam in exact proportion to the fall of t<jmperature appears 
Zeoner. See *Gnindzuge der Mechanif»clien Warmttheorie/ p. I 







:^T »:< per eat. 



i «f kiag midallT dry contain 
Ate. ti« », = -7. vtd tfaff other 



- S.y. , T-:Z - ky , «73, 



rhowisir that »K-ai 4 f«- ^vnt bv weighi of steam is con- 
d^Lsc-i. being less than vhea the >tt«m b initially dry, as 
slrta>iy eiplaiDeii i Art, •>5 >. 

(3i Let 1 lb. of w«ier al ;^t>2' espand, as in Art. 65, till 
th^ pressore has fallen to 14-7. then ^ ; = and the other 
data are nnallered, wheooe 

a result which signifi** that about SJ per rent, of ttie water 
ban evaporated. 

Tlie volumes of the steam in these tliive cases are now 
foiinil by the equation just mentioned. 
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in which 8 may be disregarded in the first two cases, but not 
in the third, whence 

V = 24 : V = 17-5 : V = 2-35. 

The first and last results serve to fix the four corners of 
an indicator diagram of a perfect steam engine working with 
initially dry steam between the temperatures 302°, 212°; 
that is to say, the pressures 69*21 and 14*7 lbs. per square 
inch. It is this diagram which is shown in Fig. 11, Art. 46. 

The calculation here described is for some purposes incon- 
venient, because the form of the curve is not ascertained 
directly, there being no direct relation between p and V, but 
only an indirect one by means of the temperature. Hence, if 
it be required to find the pressure after expanding r times, 
this can only be done by trial and error. To avoid this 
inconvenience it was suggested by Rankine that the ex- 
pansion curve might be represented approximately by the 
equation 

p V" = constant = p, V," , 

if the index n be found by trial so as to give results agreeing 
with the foregoing calculation. 

To test this suggestion, we have the equation 

log. p + n . log. V = log. Pi + n, log. V, , 

from which is obtained 

log. Pi - log. p 



n = 



log. V - log. V, 



If the suggestion is correct, we ought to find the same value 
of », whatever be the values of p V, provided only the 
expansion start from the same point represented by the 
suffix 1. 

For example, let us calculate n in the first of the two pr< 
ceding cases ; then we have 

_ log. 69-21 -lo g. 14-7 _ , ...^ 
'* log. 24 - log. t;i.53 ~ 



> SK4T kT Tisuse TBDsaums. 

■ ht i TpBi t ed vitk • diflezent value of 
TJii i-miiui fRMmh Ac MMb «^hl to be tfae aam& 

I ti B^ u ifl i*Bd tn be n ^fraiinaldj, and the reb~alt 
u iij^.-t Mariy Ae aae X' ife i&kkl pwm bf, uut 69 21, 
inn KOtf ociier pRHBte, yiwi iej tke rtrnw be uuli&ll;i' dry. 
Z-.'ini'.t ht» ^^^mmt Ifas fKOboa «kk pnt care and 
nrriL-^cT, arf ^ii ^ hH ■■ i iiRi tkIib rf a to be 1 136. 
Isct. if tfbe ita^ k WfaDy t. • ■aallcs' resoH is 
,<l>;&^iif^ : Tka% 2 aa ■ tfae Hflaad tanpie giren abave, the 



Bt ai at ^ SHMMai mkilrti i «f Uiis kitid, Zean«- 
fc-<i3)d tW Wm aTWigt nlae eft adex to be gtTen by the 
^iL piTKal fill — li * 

. = ,=.+ 5, 

vbT'TC" J- )$ the initio diyness-fractiOD of tlie steam sap- 
pififd Qiit }ea^ tliAa 7 1 and Zeoner's calcolations have since 
Ut :: verified by Grasfac^.t 

\\ hen Rankine sogsesJed the equation p Y" = eonatant he 
cavt' the vmloe V of 1 H for the index, (m what gTomtds 
oAi.Qi^i now be deiermiiied ; it is ceitain that numerical cal* 
i-ulaiions fmni his own equations give a targpr result, except 
«hi>n the steam i$ wet initially. 

77, The e^quation j? V' = con^'tant is of less value than 
miirlit K' sap[<i«!^i for it will lie j^een hereafter that when 
^(di.^lvttic es}iat)S)on bas to be consider^ in practical ques- 
tiv^ns, the data of the question are, nearly ftlways, not the 
initial prwsure and ratio of espan^iiou, but the initial and 
final pn>ss«r«s. in which case the equation may just as well 
ln> employed in its original fonn as id the form p V = con- 
st;mt. 

• - GraixUugf dor MMhaniKlicD WiirmeUiPOrip.' p, LH2. 
t ' Ttipiiretisrhp Hajchiurnlehrv,' Band I. p. )T5. 
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By a slight alteration in the form it becomes more con- 
venient in application. For it has been already shown that 

L = (c - T A P, (Art. 46) 

where A P is the rise of pressure for 1° rise of temperature 
in lbs. per square foot, and L is expressed in foot lbs. 
Also, 

V — « = * (c — ») ; 
.-. x^ = 772(V -0 AP (L in thennal unite) ; 

and equation (11) becomes 

(V, - A P, + 772 (g + mc) log. , ^ 

V — » = ' 

^ * AP 

or, reducing the increments of pressure A P from lbs. per 
square foot to lbs. per square inch, 

(V, - 8) A/>, + 5-36 (g + mc) log. 3 

v-.= ^— _T., Oil) 

an equation which by use of the values of Ap, given in 
Table la, can very conveniently be used in rough calcula- 
tions ; the quantity 8 may, as usual, be generally omitted. 
A much more simple formula is available in some cases. 
(Appendix, Note C.) When accuracy is desired, the equation 
should be employed in its original form. 

78. Although the adiabatic curve, for a mixture of steam 
and water, is of a very complicated character, incapable of 
being expressed exactly by any algebraical equation, yet all 
adiabatic curves are connected together in such a way that, 
when any two are given between given limits of pressure, all 
the others are at once determined by a calculation of the 
simplest character. 

Let Vi V be the volumes corresponding to a given pressure 
p of a mixture of steam and water for the two extreme cases 
in which the mixture is wholly steam, or wholly water, at 
some other greater pressure ; and let us suppose 

o 
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volumes alrf>a(ly known. Then, to find tbe corre«pooduig 
voliiin'> (V), when tbo mixture coneJsta at tlie Hftme initial 
l)r(?Hsure of ie, lbs. of steam, and 1 — «, lbs. of water, w» 
have from equation (111) of the last article, 

\- = r,r + V(l - 1,\ 
an cqufttion which dotcnnine" «" •'>e other adJabatic corves: 
thus, when, by methods alreaay f n, V V have been deter- 
mined, the volume of Bteam in oy given state initially, 
after udiabatic expansion down > pressure p, is readily 
calculated ; and the formula maj idly be extended to eases 
in which the steam expands in c ict with a metallic plate. 
The nature of the connection Jtween the curves may, 
liowever, be most easily seen by irence to a fignre. Fig. 
21 shows various adiabattc ct:. i lying between 90 lbs. 




and 15 lbs. pressure, of which we will suppose, in the first 
instance, the curves A B, C D {known either by the calcu- 
lation just indicated, or by the methods of Chapter VII.), 
corresponding to dry steam at 90, and water at 90, respec- 
tively. Then, to find the adiabatic curve for a mixture 
containing, at 90 lbs. presanrc steam am' 

water, it is only necessary to , A' IJ', i 
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intercepts between the original curves into equal parts. Or, 
again, to determine the adiabatic curve corresponding to dry 
steam at 40 lbs. pressure, draw the saturation curve A B^ B^ , 
then the required curve starts from B^ , the point in A B^ 
which corresponds to 40 lbs. pressure, and divides externally 
the horizontal intercepts between the two original curves in 
a fixed ratio ; for example, the point S, where that curve 
cuts the line of 15 lbs. pressure, is found by the proportion 

ds:db::kr«:kb; 

and, on the same principle, C D', the curve corresponding 
to water at 40 lbs. pressure, or any other required curve, is 
at once found. 

Still further, the expansion curve of steam in contact with 
a metallic plate may be found : take, for instance, a mixture 
of steam and water, containing originally one-half water, and 
let it expand in contact with 8^ times its weight of iron, as 
in the example of Chapter VIE., then the expansion curve is 
found by setting off at every pressure, such as, for example, 
40 lbs. in the figure, B^ Z equal to C* K, then the required 
curve is A Z N in the figure. 

79. The equation obtained in the last article, 

V' = :r,V + (l-:r,)V, 

is equivalent to saying that, when a mixture of steam and 
water expands, the water evaporates, and the steam con- 
denses, just as each would do when taken alone : so that the 
actual total condensation or evaporation is the difference 
between the condensation of the steam and the evaporation 
of the water. When a certain proportion exists between 
steam and water, the evaporation of the water exactly com- 
pensates for the condensation of the steam: a proportion 
which is given by the equation 

r - tl 

T, T, 

2 
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where T^ T^ are the initial and final tempeimtnreB between 
which the diange is supposed to take place. For a Teiy 
small change at temperatnre T, the above fixnniila is approzi- 

matelT eqniTalent to 

T 

At 38 Ite. on the sq. inch, this gires *5 as the Taloe of m, 
which at high pressures will be at most '6, and at low pres- 
Eores at least '45: if a greater change of temperatnre be 
considere«i, the yariation in x will be less, and we may say 
generally that when a mixture of steam and water in equal 
proportions bv weight expands without gain or loss of heat, 
the eTaporation and condensation approximately balance one 
another, so that the total change is rery small : and further, 
if water predominates, eraporation takes place, but if steam 
predominates, condensation. 

Similar conclusions may be drawn in the case where a 
mixture of steam and water expands in contact with a 
metallic plate : the state of things is the same as if the water 
received the whole amount of heat given out by the cooling 
plate, and expanded alone without connection with the steam, 
while the steam condenses as if the plate were not there. 
When the water forms a film on the surface of the plate, it 
is probable that this is really what takes place — a question 
which we shall resume in a later chapter. 

Again, when a mixture of steam and water expands, either 
adiabatically, or in contact with a plate, we may, if we please, 
separate mentally any part of the water from the rest, and con- 
sider it as a solid plate giving out heat as its temperature falls: 
so long as any of the remaining water remains unevaporated, 
the process of expansion will be quite unaltered by this suppo- 
sition. This is an observation of great importance in the 
theory of the steam engine, for, generally, it is impossible to 
determine the total amount of water contained in a steam 
— Mnder by direct observation : all that can be done ia^ to 
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jl the qnantity of water discharged from the cylinder per 
i, either as suBpended moisture distributed throughout 
^ whole luasa of Bteam discharged, or by re-evaporation 
; exhaust. We now see, however, that any water 
ining in the cylinder after exhaust plays the part of a 
Bilic plate, but with much greater effect, weight for 
Igbt, on account of the great specific heat of water. 
I- 80. To complete the study of the expansion of steam in 
B way supposed in the preceding articles, it is now only 

»ry to And the area of the expangion curves. 
Beferring to Art, 75, we find that during the operation of 
e steam engine there supposed, we have 

Ip«t eipended = T, - T, + t, L, fapproiimately,! . 
loat ngecled = J, L, \ 7 = 1 / ' 

.-. UBcfnl worfe = T, - T, + i, L, - i. L. ; 

but this useful work ia do other thing than tlie area of the 
diagram, which is accordingly given by this formula, in 
which we observe that T, , To , a^ , L, , are data of the question, 
while 0, Lto is determined by reference to equation (I) of the 
same article. The formula will be exact instead of approxi- 
mate if we replace T, - Tj, by A, - A^ . 

Hence, by substitution, the area of the diagram is given by 
the formula 



.T.-t.*,L,-«,L,^'-T..Iog., 



T, 



= T, - T, - T, . k^. , 



T, -T, 



Keferring now to Fig. 21, Art 78, and supposing T, T^ to 
refer to the hmiting temperatures, corresponding to the 
limiting pressures, represented by that figure, which need 
not now have the numerical values there supposed, we e 
that the area of the whole diagram C A' B' E, correspond!: 
to the case of an initial dryness-fraction Xi , may be eeparatt 
into the parts D E, C A' B' D, whereof the sew 
the diagram of a perfect engine, working betwet 



! flf hemt «, L,: 
■ CDE«*lwn 

T;,- tamt rrsaik m otiMKii) bf pvttiae ^ = in the pm* 



Lot 

SI. Wb 



Sl^ 



<.-rb vtBBM gncB limit* of 
l^tEjvratir- . .: _^^ .^ __ .-.-^a Stkafly tapfaiped tb*t 

the coihim 'Zi~ of "'»"■""" effir 7 an, Uat the et^ine 
thAll ntiliz'- tbr ahoie diffenoee 1 cmpefstnte betweea the 
coar^f- sad the lutUftLilM ^ Bad t ame of tfaa expaaore 
ett-r^ of Ute iaU Aall be dw aled bf aafaalBaoeil ex* 
panBi'>n. H^ooe, uy d imin u ti on of effideivcT below Ibat 
tDasimtm) Talne— conuncn to all engiiKs eatiafpng those 
'.■oadiuoofl, and hence called "^ perfect " — may bo considered 
a> dao to loases of efficiency whicb may be ranged in two 
j.'n-ai cltiflBPa: — 

(1) Losses by oon-atiUzation of the vhole available difler- 
cnoe of temperature. 

(2) Lasses by non-utilisation of the whole avail^le expan- 
eivc energy of the fluid. 

I propose to consider briefly these losses as regards heat 
engines in general, before passing on to study in detail the 
losses of efficiency in the steam engine in particular. 

C7ii^ /. — The first class of losses arises from miaappluxdion 
of heat, the engine t>ot receiving the whole of its heat at the 
:su)M>rior limit of temperature, as it should for maximum 
vffi,'ionoy, bat at some lower temperature.; and not rejecting 
the whole of its heat at the lower limit, but at some higher 
ti'mivnttore. Losses of this kind are independent of the 
j>.irtioul.ir engine considered, provided that the mode of 
M|>ltlit\)tivtn i>r the heat be the same, as tippcare from Art. 71. 
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Let U8 imagine Ti Tq the limits of temperature, and let us 
suppose that a certain quantity of heat, Q, instead of being 
received by the engine at the temperature T^ , as it should, is 
received at the lower temperature t, then the work due to 
that amount of heat in a perfect engine is 

while the actual work done is, from Art. 62, 

t 

a loss quite independent of the particular nature of the 
engine, and depending only on the temperatures. 

Thus, for example, let the limits of temperature be 320° 
and 120° Fahrenheit, or 781 and 581 absolute, and let 
1000 thermal units be supplied to the engine at temperature 
250°, instead of 320°; then 

200 
U = 1000 . ^ = 256 thermal units; 



130 
711 



U' = 1000 . ^ = 183 „ „ 



.. U-U' = 73 „ 



»» 



that is to say, if the whole available difference of tempera- 
ture — namely, 200° — had been utilized, we might have 
transformed 256 thermal units out of the 1000 ; but actually 
by wasting the 70° difference of temperature between 320° 
and 250°, we have obtained only 183 thermal units, or 71 '4 
per cent., the remaining 28*6 per cent, being wasted by 
non-utilization of the whole available difference of tempe* 
rature during the reception of heat. 

It may be that the heat is not all rejected at the lowest 
available temperature, and, in that case, there wj" ^^ ** 
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corresponding loss during the rejection of heat, which may 
be calcnlated in terms of the amount of heat rejected, and 
the difference of temperature^ on the same principles. 
For example, suppose that in a steam engine the heat 
discharged from the condenser is 800 thermal nnits per 
I.H.P. per 1', at the temperature of lOO"*, while the tempe- 
rature of the atmosphere is 60^, then the loss by wasting 
the interval of 40° between the condenser and the atmosphere 

40 
is 300 X ggr, or 21 -4 thermal units per LH.P. per 1', being 

■ • ■ ■ ■ » 

about one-half a horse-power. 

It will frequently happen that the heat is received 
during a continuous change of temperature, and in that 
case 

U = Q "^^ ""^^ (as before); 
L<w8 = U-U' = To{lA^-§}: 

in which formuhe the whole heat Q is supposed separated 
into parts, each of which is supplied at the sensibly constant 
corresponding absolute temperature t 

Wlien, as in Art. 73, the heat is supplied in exact propor- 
tion to the change of temperature, 

Loss = T, {Klog.,^ - K?i^'}, 

where ti ^ are the extreme values of the temperatures at which 
the heat is supplied. 

Class II. — The second class of losses arises from the fluid 
not being allowed to expand steadily throughout the whole 
available difference of pressure overcoming a resistance, and 
thus doing useful work. Instead of this, the resistance to 
expansion is wholly or partially removed before the pressure 
has fallen to the lowest available limit; the expansive 



^ 
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energy of the fluid is then employed, wholly or partially, in 
goneratiug violent motions, the kinetic energy of which is 
ultimately transformed into heat by fluid friction. Energy 
is not destroyed by this process, but it is generally, and 
probably always, rendered partially unavailable to us; that 
18 to say, it is no longer possible to do as much woik at the 
expense of the internal energy of the fluid, as might have 
been done had the unbalanced expansion been avoided. 
Again, even though the whole expansive energy of the fluid 
be duly exerted on a piston it may be partially employed in 
overcoming useless resistances. 

This second class of losses diflTers fi-om the flrst in being 
different for each kind of fluid, and hence cannot usefully be 
considered apart from the particular kind of engine which is 
being examined. Its magnitude is determined graphically 
by comparing the area of the actual indicator diagram with 
that of the indicator difLgram of an engine, receiving heat 
according to the same law, in which no such unbalanced ex- 
pansion takes place and do auch useless rasistances occur. 



I 



Losses of Efficiency in Steam Etiffinee. 

82. As in other heat engines, so in the eteam engine the 
principal loss of efficiency proceeds from the narrow limits of 
temperature within which we are practically compelled to 
work. In a steam engine at least two-tbirde the heat is 
always wasted in this way, bnt inasmuch as it is a loss which 
necessarily occurs whatever be the nature of the engine or its 
arrangement, an engine in which no other loss exists is con- 
ventionally said to be " perfect," and the efficiency of an 
engine working between given limits of temperature may 
consequently bo properly estimated with reference to that 
of a perfect engine. When we have to compare engines 
which work between different limits of temperature, a aor 
what diSerent course is advisable, but such cases wi 
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rescrve<i to a later Bpctiim of thie chapter. The present 
section will be devotee! to the compariiton betwtscn an actual 
Bteam cDgiDe and the perfect engine working Wtween the 
same limits of U>mperaturG. 

No actual stoem engine is perfect is the sense jnrt 
described, and it£ lossee of efficiency may be (daaaified 

thu9: 

(1) tij radialiuD toeilenulba 

(2) ti; tmumuaioD of boat to U izbaosl ateuu. 

(3) by citmanee mi wiie-4nii 

(4) by aiU^pUcstum of heat |i > tud Wklcr. 

(5) &j miispplieatioii of hot d g vipuudon. 
(G) Ijj iuooDiplel^ eipoiuion. 

(T) hf exema back pnflsuir^. 

The first of these causes of loss efficiency cau only he 
estimated expenmontally, and whai is known about it will 
bo considered in a lati-r chapter; tLe second will only be 
trcatetl incidentally herp, as it properly belonj^ tij Chapter X, 
on thi' action of the sides of the cylinder ; the third will be 
(ii^eii^sed in a special chapter (Chapter IX.), and there re- 
mains to be considered in detail in the present chapter 
the Inst four, which will be treated in order. 

83. If the action of a perfect steam engine (Art. 46) be 
examined, it will be found that an essential part of the 
process is, that the temperature of the feed water should bo 
raised by compression and not by application of heat ; for 
which purpose it is necessary that the condensing steam 
should be taken before the condensation is complete, and by 
means of a large feed pump, compressed until the condensa- 
tion 13 complete and the pressure has risen to that of the 
boiler. That such a process is theoretically possible is 
manifest from what has already been said, but it has never 
been carried out in practice, and, probably, would be found 
very difficult to carry out, without introducing evils greater 
f liaii that against which it would be intended to provide. lu 
actnul steam engines the condensation is completed at the 
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condenser temperature, and the feed water is raised in tem- 
perature by direct application of heat ; no doubt, a smaller 
feed pump is then required, and consequently less power is 
consumed in driving it^ but this advantage is more than 
counterbalanced by the heat necessary to raise the tempera- 
ture of the water. 

In Fig. 22 the indicator diagram of a perfect engine is 
represented by C A B D, while C A B D D' represents the 
diagram of an engine in which the compression part of the 



Fio. 22. 




process is not carried out Then, the cases differ in this that 
more work is done, and more heat expended in the second 
case than in the first. It is clear that we shall have 

EzcesB work done = Area ODD'; 

Excess heat expended .. •• = T, — T^; 

in which last result the temperatures of boiler and condenser 
are supposed Ti , T^, respectively, and the deviation from unity 
of the specific heat of water is neglected. 
Now, by Art. 80, 

T 
AieaCDD' = T, - T, - Tolog. j=i, 

■■■0 

and the excess heat, if properly utilized in a perfect engii 
would have produced an amount of work expressed by 



Avaikiblc heat = (A, — A©) 



mm T — T 

'• '• = (T, -T,)il^(a 



T, 



T, 
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hence the loss by misapplication of heat must be 

Lo88 = Tolog..^|-J?(T,-T.). 

This kind of loss belongs to Class I. of the general causes of 
loss considered in Art. 72, and the result might have been 
written down at once from the general formula there given ; 
its absolute value is the same whether or not the engine is 
in other respects perfect Let us call it Ui , then it is con- 
veniently exhibited graphically by drawing a rectangle C S 
of height C D', and area equal to V^ . Let pi be the initial 
pressure, and j)^ the pressure corresponding to the temperature 
of the condenser, then it is clear that for the base of that 
rectangle 

Pi-Po 

Then, the whole area R A B S represents the work which 
would be done by a perfect engine expending the same 
quantity of heat as the imperfect engine, and the rectangle 
C S represents the loss due to the cause we are now 
considering. 

For example, suppose the boiler pressure 95 lbs. per 
square inch, and the condenser temperature 120°, then we 
have 

T, =325° + 461° = 786°; 
Pi =95; Po = l'68; 

To = 120 + 461 = 581°. 

Hence we obtain 

I^- € ^ - ^'Z^' = -3022 - -2608 = 0414 ; 

and multiplying by Tq , 

U, = -0414 X 581 = 24-05 thermal units, 

which is the loss of heat required, being the thermal equivalent 
of the additional work which might have been done had the 
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heat been properly used. To graphically represent that 
loss, we have 

-,_, 5*36 X 24-05 , «^ ,.. * . 
8 D' = — :— QoTi = 1-38 cubic foot, 

which result is to be set off on the scale of volumes, then 
C S represents the loss on the same scale that the remainder 
of the diagram represents the work done. 

To find the percentage of loss, when the boiler supplies 
dry steam, it is sufficient to remember that 

Total heat expended = H| - H« = 1093, 

being simply the total heat of evaporation from 120^ at 
325^, of which in a perfect engine would be utilized 



= 285 thennal units. 



AvaUable heat = -5-= — ? x 1093 = -261 x 1093 

■■■I 



The loss then is 24 thermal units out of 285, or about 8*4 
per cent. The maximum value of this loss in practical cases 
is 10 per cent., but, unless the pressure be high, it is much 
less than the value now found, as is also generally the case in 
non-condensing engines. If the boiler pressure be 60*4 in- 
stead of 95, and the temperature of the condenser 102^ 
instead of 120^ the loss will be found to be 21 * 85^ a result 
which will be employed in a subsequent article. 

The loss here considered must not be confounded with the 
loss by non-utilization of the waste heat of a furnace in 
heating the feed water. The heat utilized in a feed-water 
heater is no doubt better employed than if it were altogether 
wasted, but it would bo still better employed if it could be 
used in the boiler to generate steam from water at the boiler 
temperature. A feed-water heater then is to be considered 
as increasing the efficiency of the boiler, not that of the 

engine. 

The compression shown in this article to bo theoretically 



■tkine pk» ^ Kp MM ijliliii: 1 

IPWlua i> is ^El ^ llllllll,!! I 




Ml ofoOD- 

frwB qtdle 



, tmmtlj, taiwpiili- 

tA ng i to CUa L 

with heat afta 

u supplied 

elfafcM it heat partly fiDBBtlw 

I «ai^ W a^ bmn the item 

Ito nJ imd by the gtiMnl 

fa< tk. to »T, if U, be tlw 

r..T.(. ^), 

in vbich ttio vb<>l*: beat Q soppliM daring expaaBiDO i» 

supposed -ll* ;-!.-.! inl'i [«ri.s i Q. --.v.-h ^appTied at a com- 
Kf>ondiDg temperatare t ; thus, t is tbe mean abeolnte tem- 
perature of tbe expanding steam daring a small part of 
tliu cijiansion, in which the heat supplied is A Q. 

l'\ir example, in Art. 53, in considering bvperbolic expan- 
sion from 60-4 to 8-5, that is to ssj, from 293° to 185° the 
whole expansion was divided into four stages, thus 

298° 2<«r 239° 212^ I8S^ 



ill wliicti the heat supplied during expansion in thermal units 
|wr stiige of 27'' was found to be as shown by tbe numbers 
phiced bolow. Then taking for t tbe mean absolute tempe- 
mture for each stage, we find 

* t "741"^ 714 "^687 C59 
= -2986; 
iiiid further 

Q 41 + 48 + 50 + 62-3 207 3 ,^^„ 
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Hence, if the condenser temperature be 102°, 

U, = 563 X -0236 = 13-3 thermal units, 

which represents an amount of heat which might have been 
wholly transformed into work, had the heat Q been properly 
used. Had the heat Q been used in a perfect engine, the 

T — T 

portion Qi -- m — ^ would have been turned into work, that 

is to say, 

AvaUable part of Q = 207*3 x _-, = 5251 ; 

thus 25 * 3 per cent, of the heat supplied during expansion is 
wasted. 

So it is in every case where heat is supplied during 
expansion, that heat is not wholly wasted, for it increases the 
work done by the expanding steam, but this increase is by no 
means as great as if the same heat had been applied in the 
boiler to generate more steam. The actual amount of the 
loss will vary considerably, according to the nature of the 
expansion curve, and will be greater the greater the fraction 
of the whole which is supplied near the end of the stroke. 
If the expansion curve be accurately given, then, by the 
methods of Chapter V., the heat supplied can be found for each 
step of the expansion, and hence the process just now used 
in the particular case of hyperbolic expansion can be applied ; 
but the final result can also be obtained by a different method 
in any case in which the area of the expansion curve and the 
terminal state of the steam are known. For, by formula (B) 
Art. 70 applied to the operation represented in the diagram^ 
Fig. 22, by A B DC, 

the suffix 1 as usual referring to the initial, and the suffix 2 
to the final, state of the steam. Also, comparing the whole 
heat expended with the area of the diagram, 

T, - T, + L, X, + Q = L, JT, + (P« - p.) V„ 
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where P. is as nsual the mean forward pressare, and the tenn 
containiDg it is reckoned in thermal units. Divide this last 
equation by Ti , and subtract it from the firsts then 

-(P.-P,)V, 1; 
and thus 172 is found by the equation 

Thus, in the example of hyperbolic expansion just con- 
sidered, 

T, = 754° : T, = 64(5° : jr, = 1 : r = 7-22 ; 

lionco we obtain 

Il^« = 1432 : ^' = 1-525 : log. , ^ = 1540. 

Also, since the expansion is hyperboh'c, 

(P« - P.) V, = P, V, log. e r = 138-4 thermal unitB, 

dividing which by Ti we obtain • 1835 ; hence, performing 
the calculation, 

U, = -0235 To, 

a result nearly identical with that found above. 

It is to be remarked that when, as is sometimes tlie case, 
Iioat is taken away during expansion, the loss, as calculated 
by this formula, may prove negative, and then expresses 
the saving occasioned by taking away heat from the steam 
during expansion, instead of at the higher temperature of 
admission. The waste occasioned by the action of the sides 
of the cylinder is the sum of this loss and the loss by re- 
evaporation during exhaust, and hence is greater or less 
than that indicated by the re-evaporation during exhaust 
'^'^^rding as this loss is positive or negative. This point will 
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H be illustrated hereafter, in considering actual indicator 

B diagrams. (Art. 134.) 

85. Ths next cause of loss is incomplete expansion: in a 
perfect engine expansion is carried on till the pressure has 
fallen to that corresponding to the temperature of the con- 
denser, but in actual engines thi& ia never possible ; in tha 
first place the back pressure behind the piston is always 
greater than that corresponriing to the temperature of the 
condenser, for reasons to he explained presently, and it 
never can be profitable to expand the steam below that limit 
while practically the greateat expansion is still further 
limited by other causes. Hence the work ohtuined from 
1 lb. of steam in actual engines ia always less than in a 
perfect engine from this cause : and the magnitude of the 
loss is thus investigated. 

In Fig. 23 let D M represent the pressure and D N tha 

Toluroe of 1 lb. of steam at the end of the stroke, while 

B B shows the line of condenser pressure correspondbg to 

Fio. 23. 



* 



=j" 



the temperature of the condenser. Through D trace an adia- 
batic curve by the preceding rules till it reaches that line in 
B ; then the area DBS represents an amount of n ork which 
woiJd have been done in the perfect engine and which is 
not done in th^ actual engine, and is consetiueutly the toss 
by incomplete expansion. This loss belongs to Class II. of 
Art. 81, and takes effect by generating kinetic energy in tlie 
exhausting steam, which is aftemorda changed into heat by 
fluid friction and becomes part of the waste heat given out 
in the coudonaer. Its amount is calculated thus : 



Arm ND Bit = 



-T. + ; 



. (T, - T.) - T. . log, , 



'- [Art. 601 



in wiiiiui die otiBt 2 re&zs to die twmrwi^l state of the 
itiiaaL ami die iojBx to the condeasezL Bat the area of 
tiie rrgTiingle E> R ia chermal onits is 

Recttixirie DR = 3-38 (A -pj V, = ^1 - ^ P,T., 

where V^ is the aeraal Tolmne of I lb. of ateam ; hence tx 

the lods I Ct ) we have 



r. = .T,-T,;i.^-;.-T.io»..J;-(i-g)p.v., 



in which fomLula P. Y^ is roppc-sed expreseed ia thennal 

tLLitS. 

For example, let the expansion tenninate when jsl. = 8*4 
or T, = 461- 4- 1S5^ = 646", and let T, = 10->' 4- 461^ = 
5^J3' be the temperature of the condenser correspondincr to 
p^ = 1, then assuming the steam dry at the end of the 
stroke or Xn = Ij ^^ hare, as in a preyious example, 

PaV, = 70; £^ = 1525: 

= 209-57- 77-42 -till? 
= 70'4S thennal nniia, 

which is the loss by incomplete expansion. 

Tho loss here calculated depends solely on the state of the 
HUmm at the end of the stroke and the temperature of the 
conflcnscr : it is rarely less than 15 per cent., and more often 
from 20 to 30 per cent., in condensing engines. In non- 
roiidonsing engines it may be and often is of trifling amount, 
Immmiuho in these the pressure p^ is the pressure of the atmo- 
Hpli(;ro. 

An approximate yalue of this loss is given by a more 
Hiniple e([uation wliich will be used in Chapter XI.^ 

U, = (T,-To)^-(P.-P.)V,. 
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The results of this formula are too small by an amount which 
is greater the higher the terminal pressure ; but it admits of 
ready calculation. (See Art 132.) 

86. Lastly, the process in an actual engine differs from 
that of a perfect engine in the back pressure (p^) being greater 
than that (p^). corresponding to the temperature of the con- 
denser. This difference is due partly to frictional resistance 
in the exhaust ports, coupled with the difference of pressure 
necessary to exhaust the cylinder in the short space of time 
in which that operation takes place, and partly to the pre- 
sence of air in the condenser. It may conveniently be called 
the excess back pressure : its value depends, as formerly 
stated, on the speed of piston, the dimensions of the exhaust 
ports, and on the terminal pressure. 

In Fig. 22 let the line B^ S^ be the line of mean back 
pressure, then the loss by excess back pressure is clearly 
represented by the rectangle S^ B^ or if 174 be the loss in 
thermal units. 

Ft 

For example, let the terminal pressure be as before 8 '4 
and the temperature of the condenser 102^, so that p^ is 
unity, while jTs the real mean back pressure is 3, then we have 

^4 = 70 X r?5 = 16-67 thermal unitB. 

87. Let us now add together the four losses just found for 
the particular case considered of an engine working with 
hyperbolic expansion of about 7^ times from initial pressure 
60*4, the steam being dry at the end of the stroke and 
the temperature of the condenser 102^ : we have 

Theraud 
units. 

Loss in heating feed = 21*85 

„ during expansion = 13*30 

^ in incomplete expansion .. .. = 70*48 

„ in excess back pressure .. = 16*67 

.*. Total loss .. .. = 122*8 
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Now the useful work per lb. of steam is giyen by the 

formula 

Usefiil work = (P« - P.) V, foot lbs. 

= P, V, .?!LZf! . thennal umtB; 
Pt 

if Pa Ya be supposed in thermal units ; but 

1 + log., 7-22 
^=—7^22 •^> = 24-»' 

the expansion being hyperbolic, and thus 

Useful work = 182*5 thermal nnitt. 

This result added to the total loss gives about 305 for the 
number of thermal units per lb. of steam which could haye 
been turned into work had the engine been perfect. We 
have a means of testing the truth of this result, for by Art. 25 
the total heat of formation is given by the equation 

but since the temperature of the condenser is 102° and the 
temperature at the end of the stroke 185°, 

H, - Ao = 1138 - 70 = 1068, 

while (P« — Pa) Va has already been shown to be 138 
thermal units, nearly ; 

/. Q = 1068 + 138 = 1206, 

in which calculation the jacket heat is included. Kow of 
this ihete would have been changed into work in a perfect 



engine the amount 

o 



T,-T, 



U = 1206 X —rr— = 1206 x '2533 
= 305*5 thermal units, 



or practically the same. 

The coincidence is not accidental, for if to the algebraical 
values of the four losses given in the preceding articles we 
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add the algebraical valae of the useM work done, the result 
will be foond to be the general value of Q, the total heat of 

. T, — T 

formatioD, mnltiplied by the £raclion — = — - ; showing that 

the whole heat expended ia producing the steam, in the 
state in which we find it at the end of the stroke, is fully 
accounted for by the useful work done and by the four losses 
which we hare been considering. 

We can now express the espeuditure of heat in useful 
work and the losses of heat in terms of the work of a perfect 
engine by dividing by 305, whence we obtain 

r<i«i». 

Uaeful wurk doaa = 59 ' 3 

Lost in hesting feed = 7-2 

, during ex puiuIoD = t-3 

„ in iooompleto eip&iuioa .. = 23-1 

„ in ezceee back preeame ■■ .. = S-5 

AroiUble beat ,. .. = lOO'O 

The difference between the consumption of steam in an en- 
gine such as that considered in Caee I., Art, 25, Chapter HI,, 
and that in a perfect engine given in Art. 46, Chapter V., 
is thus accounted for. The calculations of Chapter HI., given 
in the table p. 58, show that little is gained by increasing 
the ratio of expanaion beyond a moderate limit. The reason 
of this is tliat tho loss by misapplication of heat during 
eipansion, and excess back pressure, rapidly increases wilh 
tho ratio of expan>ion, and thus the direct saving by in- 
creased expansion is counterbalanced. 

The exhaust waste, together with cJearance and wire- 
drawing, is here neglected, as was also the case in the articles 
cited: the effect of these causes is so considerable that 
condensing engines rarely utilize more than 40 or 50 per 
cent, of the available heat, and often much less. Non- 
condensing engines, however, have in general a greater 
relative efficiency, almost all the causes of loss of efficiency 
being leas inlluontial in their case : hence they utilize 
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sometimes as mncli as 75 per cent, of the whole amount of 
heat which could be turned into work in a perfect engine 
working between the same limits of pressure. 

88. llie foregoing method of expressing the expenditure 
of heat in heat engines — ^by comparing the useful work and 
the several losses of heat with the useful work of a perfect 
engine, that is to say with the fraction of the whole heat 
expended which is available for mechanical purposes — ^is 
convenient and sufficient, when we are considering engines 
working between given limits of temperature. When, how- 
ever, those limits are different, it is necessary to consider the 
absolute eflSciency as well as the efficiency relatively to a 
perfect engine, for the absolute efficiency is of course the true 
measure of the practical economy of the engine. 

The most usual practical method of expressing the ex- 
penditure of heat in a steam engine is by the consumption of 
steam per I.H.P. per hour : this is not altogether suitable 
for scientific purposes, because the amount of heat necessary 
to generate a pound of steam varies with the pressure. 
Hence I shall employ instead as a measure of the expen- 
diture of heat^ the quantity of heat used per I.H.P. per 1' 
expressed in thermal units : if the boiler pressure and the 
temperature of the condenser be known, the corresponding 
consumption of steam is readily found. 

From the results of the preceding articles the correspond- 
ing results in this mode of measurement are immediately 
deducible. For one horse-power is equivalent to 42 '75 
thermal units per 1', and in order to produce it the least 
possible expenditure of heat is evidently, 

T 

Least amount = 42*75 . = — ^=- , 

T-i — To 

of which 42*75 is actually converted into work, and the 
remainder is what may be called the necessary loss of heat, 
being unavoidable whatever the nature of the engine. All 
the other losses of heat are, at least theoretically, avoidable. 
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and they are as given in the preceding articles. In estimat- 
ing them, it must be remembered that each loss, expressed 
before as work which might have been done had the engine 
been perfect, is accompanied by its own necessary loss of 
heat, and thus, like the useful work, must be multiplied by 

T 

rfi — ^p to obtain its total amount. 

±1 — lo 

Let us for example take the case employed as an illustra- 
tion in the preceding articles, in which 

T, - T, _ 293- 102 _ 
-T7--— 754 2533, 

42*75 
/. Necessary expenditure of heat = = 168*77 ; 

whence the necessary loss is 126 thermal units per I.H.P. 
per minute. To estimate the losses we have only to remark 
that the useful work previously shown to be 182 * 5 thermal 
units per lb. of steam, corresponds to a necessary expenditure 
of heat of 168*77 thermal units per I.H.P. per 1', whence 

the conversion multiplier is , ^ or -925, by using which 

we find 

Loss in heating feed = 20*2 

,, during expansion = 12*3 

„ in incomplete expansion .. .. = 65*2 

„ in excess back pressure = 15*4 

Necessary loss = 126*0 

Total losses = 2391 

The sum of all these losses is the heat rejected which 
appears in the condenser, and di£fers from the heat dis- 
charged from the condenser in pound degrees per LHJ^. 
per 1' only in the heat contained in the condensed steam. 

The total expenditure of heat is obtained by adding 
42*75 to the above result: as before remarked, the exhaust 
waste is not included, and hence the results are considerably 
less than in actual engines. 
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If we add 42*75 to the necessary loss we reproduce the 
least amount of heat from which one horse-power could have 
been produced under the circumstances : this may properly 
be called the useful heat expended ; the proportion which it 
bears to the total heat expended is the relative efficiency of 
the engine, while the absolute efficiency is the proportion 
which the useful work done bears to the total heat. 

89. In analyzing the losses of heat in a steam engine, I 
have partly followed Zeuner in his work on the * Mechanical 
Theory of Heat/ already frequently cited. Zeuner, however, 
does not contemplate any other than adiabatic expansion, and 
hence the loss by " misapplication of heat during expansion " 
is not considered by him. 
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CLEARANCE AND WIRE-D HAWING. 

90. Bt " clearance " was originally meant the distance 
between the piston and the cylinder cover when tlie piston 
stands at the end of its stroke, some email interval being 
necessary to provide against a possible variation in the 
stroke dne to wear of the connecting-roil brasses. The 
term is, however, now employed in the theory of the steam 
engine to signify a volume, being the whole volume included 
between the piston and the elide valve at the instant when 
the stroke commences. Clearance ia expressed as a fraction 
of the whole piston displacement ; thus, if X bo the piston 
displacement, c X is the clearance, where o is a fraction 
which ranges from '02 to 1, according to the size and type 
of engine. Clearance modilles to a greater or .less extent 
almost every calculation relating to the steam engine, and 
ita neglect may give rise to serious errors, but I have 
thought it advisable to reserve its consideration to a special 
chapter, on account of the complexity thereby introduced if 
the question be considered at all thoroughly. 

Together with clearance it is convenient to consider two 
other intimately connected subjects — first, that of com- 
pression; secondly, wire-drawing. In practice the exhaust 
8t«am is rarely permitted to escajie from the cylinder 
throughout the return stroke ; on the contrary, the exhaust 
port cluses before thu end of tbe stroke, and the steam still 
reniaiDtiig in the cylinder is compressed by the adtanclng 
piston till, at the end of the stroke, the clearance contains 
steam of higher pressure than before, though (usually) of 
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lower pressure than that of the boiler. Again, if the 
pressure shown by the indicator daring the admission 'be 
compared with the boiler pressure, a difference, always 
perceptible, and sometimes very great, will be observed : the 
steam is then said to be " wire-drawn." The amount of wire- 
drawing depends on the speed of piston, the state of the 
steam, and the magnitude of the admission ports: its 
influence is very complicated and cannot be treated exactly, 
but nevertheless it is necessary to have some idea of its 
general character. 

As usual I shall commence with the simplest case, which 
is that where compression and wire-drawing are left out of 
account : the problem is thereby rendered far easier, and its 
solution offers no considerable difficulty. 

Effects of Clearance considered alone. 

91. In cases in which there is no sensible compression, the 
clearance, at the end of the return stroke, is full of steam of 
low pressure, not more than 2 or 3 lbs. per square inch, and, 
in this section, I shall imagine that steam wholly neglected, 
that is to say the clearance is regarded as absolutely empty. 
On this supposition, when the admission valve opens, the 
steam rushes in and fills the empty space with steam of the 
boiler pressure, which then presses against the piston and 
exerts energy upon it as if there were no clearance. 

Now imagine a cylinder without clearance of the same 
volume as the original cylinder including clearance, then if 
the state of the steam were exactly the same in the two 
cases, the only difference would be that in the cylinder with 
clearance the steam would not do as much work during 
admission as in the cylinder without clearance, because the 
piston does not move through the clearance space. 

Actually, if the boiler steam be supposed precisely the 
same in the two cases, the cylinder steam will often be rather 
drier with clearance than without clearance ; but, reserving 
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this point for fature considamtiQn, I shall suppose the steam 
in the same state, for which it is only necessary to soppofle 
that the boiler steam is slightly wetter for the cylinder with 
clearance than for the cylinder without clearance. 

In Fig. 24 (page 224), NS = X represents the piston dis- 
placement for a cylinder, the clearance of which is represented 
by N = c X : then O S = (1 + c) X represents the total 
volume of the actual cylinder, and also the yolume of the 
cylinder without clearance with which the comparison is to 
be made. N M represents the part of the stroke traversed 
before the steam is cut off : then ifNM = m.NS, mis the cut- 
off and — is the apparent ratio of expansion. But the real 
ratio of expansion (r) is O S : O M, 

.-. (l + c)X = r(c + m)X, 

or 

l + c . 

r = 1 

c + tn 

SO that r is no longer the reciprocal of the cut-off, as when 

clearance is neglected, but has a value which is smaller the 

greater the clearance. 

For example, suppose the steam cut off at ^ and the 

clearance also iV, then 

1-1 11 



r = 



= '^=: 5-5. 



T^ + T^ 2 

The example has been purposely chosen to show how 
great the influence of clearance may be : but, though not 
often so great as this, it is always so great as to render a 
determination of the clearance indispensable before the real 
ratio of expansion used in an engine can be determined with 
any approach to accuracy. 

Next, to compare the mean pressures on the piston ; 
two cases considered, it is only necessary 
areas D A B S and E A B S N, the fii 
presents the energy exerted on the pi«t^ 
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cloarance, and the second when there ia none. The qoe^ 
tion arises in two forma. 

(1) Being given the ratio of expansion and the Uw of 
exiinnsion, it is reqaired to tind the actual mean preasnre 
on the piston when the clearance ie known. Here, from the 
data of the quegtion, the nicoD prtssure (P.) is known on 
the {liston of an cngme working without clearance : thai ifl 
to say, 

l>_.08=:Aia ABSO. 



But ifF.be the actual meai 


assure, 


P'. . K8 = At 


ABBH: 


.-. P-tI + c)X-P-.. 


= AimDENO 




= P.<X. 


Mlicrc F, U the initial preasore : i 


lOB, 


P'- . = (1 + P, 


-cP,. 



I 



For ( 



mple, let the steam be cat off at ^, and the 
clearance be -^ , then the real ratio of expansion is as shown 
nlove 5 '5, and assuming hyperbolic expansion. 



flog., 5-5 



W.P,. 



which gives the mean pressure when there is no clearance 
with the same ratio of expansion, and 

P'_ = l-i.P'»- A-Pi = iMP,, 

which gives the true mean forward pressure to be nsed in 
conjunction with the area of the pistoa and the stroke in 
calculating the horse-power, 

(2) But instead of this the datum of the question may be 
the actual mean pressure on the piston as determined by an 
indicator diagram in the usual way, and it may be required 
to find the equivalent mean pressure in an engine of the 
same power without clearance. In that case let P*. be the 
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a pressure in question, and F. the e'luivaleat pressure, 



The object of this process 18 to reduce the mean pressure 
from the piston displacement to the volume of the steam. 
In practice the base of the indicator diagram always repre- 
sents the stroke, and the mean pressure is found by dividing 
the area by the stroke. Hence, when the abgciBa£e of the 
diagram are takeu to represent volumes, the mean pressure 
refers to the piston displacement instead of to the volume of 
the steam as it ought to do when questions relating to the 
expenditure of heat are under consideration, 

02. From what has been said it is clear that the volumes 
represented by the abscissae of the indicator diagram are 
to be reckoned not from EN, the commencement of the 
stroke, but from DO, so as to include the clearance, and 
when the diagram is taken to represent the changes of state of 
1 lb. of steam this must be borne in mind. Thus in consider- 
ing the expenditure of heat, OS is to be taken as the base 
of the diagram, and not the stroke N S. 

In finding graphically or by calculation the expenditure 
of heat, the only difference is that the area of the diagram 
representing the external work done during the formation of 
the steam is diminished by the area of the rectangle D N: 
the internal work done lu producing steam in a given 
condition being quit« independent of clearance. Hence the 
graphic construction of Art. 28 performed on the base O S 
will be unaltered, and the result in combination with the 
actual area of the indicator diagram will represent the total 
heat of formation. The heat pressure representing it how- 
ever will be different, according as the base S or the base 
N S is chosen: in the 6rst case it will compare with the 
reduced mean pressure of case (2) of the lost article : in the 
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uy-ond case it will cgmpwe with the ACtnml mean presenifl 
on till- pUtoD. 

Tije formoU for the total beat of fonnation, 
Q = 4,- i, + r,L,+(.P.-P,)T„ 

will be unaltered if by P, W6 tmderstaitd the reduced me«n 
j,res,-^ure of case (2) of the preoeding uticle. 

Tl.fc lo33 of wohk per lb, of steam by olearaoce when, as in 
the j.rtsent section, there is no compresion, ia 

Ix- = A«DX.iilL.j^.P,T.. 

understanding by V, , V, as ngnal the actual vnlnmefl of 1 lb. 
of st'am, and by r the real ratio of expansion, and remem- 
bering that the Tolume V, corresponds to the total ▼<Jume 
of Ujc cylinder. 

Compression. 

93. The compression of the steam behind the piston during 
the return stroke baa no important influence on the total 
energy exerted on the steam piston, but only on the back pres- 
sure and the consumption of steam. The ratio of expansion 
is just the same whatever the compression, and the only differ- 
ence in the forward action on the piston consists in the state 
of the steam being somewhat different according to the amount 
of the compression. When the boiler steam rushes into the 
partly empty clearance it becomes drier, as previously stated, 
but the amount of drying is less, and that, the fuller the 
clearance, and hence the state of the steam depends on the 
compression. This source of complication ie for the present 
to be avoided by supposing the boiler steam to be slightly 
altered according to the amount of compression, so that the 
state of the steam in the various cases considered may be 
the same after reaching the cylinder. 

Let the exhaust port be imagined to close at a known point 
of the return stroke, then a certain quantity of steam will be 
enclosed behind the piston : this steam is conveniently called 
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the "cueliion" eteam, to diBtinguish it from the steam di»- 
charged from tlie cylinder, and its volume, at release, oa 
compared with the total volume of the cylinder will bo 
denoted by n. The value of « may be found approxi- 
mately from the indicator diagram, as will be seea presently. 
If the whole contents of the clearance be reckoned part of 
the cushion steam the ratio of weighta will often be much 
greater than the ratio of volumes, on account of the v^ater 
remaining after exhaust (Chapter X.) : but it will be more 
convenient to include in the cushion steam only so much of 
the whole contents of the clearance as is necessary to make the 
two ratios equal, and to treat the excess water separately as 
virtually forming part of the sides of the cylinder (Art. 108). 
If we trace tlie changes nndergone by the cushion steam 
from the instant when the exhaust port closes, it appears 
that, in the first place, it is compressed by the piston till the 
end of the stroke, or a little before, when it fills the clearance 
space with steam at a pressure, usually less than that of the 
boiler, which may be called the cushion pressure; in the 
second place, it is compressed further by the entrance of 
fresh steam from the boiler ; id the third place, it enters the 
cylinder, and, after cut off, expands doing work upon the 
piston ; in the fourth place, it suddenly expands doing no 
work, except in overcoming back pressure ; while finally, 
either it or a precisely similar mass, resumes its original 
place and recommences its cycle of changes. 

Thus the whole mass of steam in the cylinder may be 
separated into two parts, the cushion steam and the working 
steam, of which the latter goes through nearly the same 
changes as if there were no clearance, and the former goes 
through a series of changes without being condensed at all. 
The consumption of steam per stroke is, of course, only the 
working steam, and not tho whole amount of steam contained 
n the cylinder after cut off. 
Let us now compare the action of the steam in two 
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cylinders of the same total yolnme, one without deamnoe, 
and the other with clearance and compression. The ratio cf 
expansion is the same in the two cases, and the mean forward 
pressure, being independent of the compression, is found by 
the preceding rules. The consumption of steam is, howeyer, 
diminished in the proportion 1 ^ nil, while the back pres- 
sure is increased; thus/ the energy exerted on the steam 
piston per lb. of steam, is increased in the proportion 1 : 1 — n, 
while the useful work done is altered in a more complicated 
way, according to the amount of compression. 



Fia. 24. 




To exhibit the process graphically, let S, Fig. 24, repre- 
sent, as before, the total volume of the cylinder, and O N the 
clearance, while KRF is the line of mean back pressure, 
assumed uniform till the exhaust closes at G; then FG 
represents the volume of the cushion steam at its lowest 
pressure. The curve GYTg represents the compression of 
the cushion steam from the exhaust volume G F to the 
initial volume D g, of which compression, part, namely G T 
is produced by the steam piston, and the remainder ^ T is 
produced by the influx of boiler steam into the clearance. 
The fraction n is given by the equation 

zv 



fl = 



BZ 
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wbere V is the point of intersectiotiof tlie compression cntve 
and the line B VZ corresponding to the terminal pressure. 
The figure represents two compression carves, one for tLe 
case in whicli n is small, and tlie otiier where n is large ; in 
the first case the point V lies within the clearance, and the 
consumption of st«am is greater tiian in a cylinder without 
clearance with the same piston displacement ; in the second 
case V lies without the clearance, and the consumption of 
steam is less instead of greater. The first case is common 
iu condensing engines, and the second in non-condensing. 
The area E A B K tl T is the area of the diagram, and repre- 
sents the useful work done per stroke, that is to say, by a 
weight of steam XeoA than if there were no clearance in the 
proportion 1 — » : 1. The space Y V may be called the 
effective clearance, the consumption of steam being the same 
as if there were no compression with clearance Y V. If we 
express the effective clearance as a fraction (c') of the piston 
displacemeDt, 

a quantity which may be positive, aero, or negative, according 
to circumstances. 

94. If the base O S of the diagram be now understood to 
represent the volume of 1 lb. of steam in its terminal state, 
then 

Useful woik pM poand of working rtoum = —, 



The value of 1 — », that is to say, the consumption of st«am, 
diminishes when the compression is increased, while the area 
expressing the whole useful work done also diminishes; thus 
the useful work done per lb. is altered, but the alteration 
may be an increase or a diminution, according to circum- 
stances. In fact, a value can be found for the compressioii 
which shall make that useful work a maximum, as may be 
seen by the following general reasoning. 

The n lbs. of cushion steam are ultt.TnateIy comprew 
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and expanded; now the compression, as far as the cushion 
pressure is performed by the steam piston, and takes effect as 
a diminution of the useful work done, while the expansion 
exerts energy on the piston only till the terminal pressure is 
reached, when the expansive energy of the cushion is dissi- 
pated by sudden expansion. Thus the cushion steam absorbs 
energy from the steam piston at every stroke, and this loss 
is greater the greater n. On the other hand, the con* 
sumption of steam is less the greater n, and consequently 
there must be some value of the compression for which the 
loss is least. A loss there must always be, however, except 
in one particular case — namely, the purely ideal case, in 
which the expansion is carried on till the terminal pressure 
is the same as the back pressure, and the compression is so 
great that the cushion pressure coincides with the initial 
pressure, so that, at the end of the stroke, the clearance is 
full of steam at the boiler pressure. Under these circum- 
stances the useful work done per lb. of steam is unaltered, 
the diminution in total work being exactly balanced by the 
diminution in the consumption of steam. 

To obtain definite results it is now necessary to make 
some assumption regarding the form of the compression 
curve of the cushion steam and the value of n. 

In the first place it is to be observed that the expansion 
(or compression) curve of steam is always approximately an 
hyperbola, unless the quantity of water mixed with the steam 
be excessive ; and we may therefore fairly suppose the curve 
V T G (Fig. 24) to be an hyperbola, starting from G, the 
point where the exhaust closes. 

Let now the ratio of compression, that is to say, F G : F R, 
be denoted by B, then, returning to the supposition that the 
base of the diagram represents the total volume of the actual 
cylinder, 

FG =BcX, 

GK = (l + c)X -BcX; 
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therefore the area T 6 E S N representing the whole back 
pressure work done 



= P,(l + c . X — BcX) + P, . BcX . log.« B 
= P,X(1 + c - cB + cB log.« B) 

where Ps is the back pressure before the exhaust closes. 
Thus the mean back pressure on the piston for the whole 
stroke is 

Pb = P,(l + c - cB + cB log.^ B). 

The value of B is easily found when the point where com- 
pression begins is known. For example, let compression 
begin at * 8 of the return stroke, then 

1 +c-cB = -8; 

or assuming o = ^ Siaui el previous example, 

B = (-2 + -1)10 = 8; 

hence 

Pb = P, (1 + -1 - -8 + -8 . log.. 8) 

= 1129. P.. 

Having thus found the mean back pressure, the mean 
effective pressure is to be obtained by subtracting the result 
from the value of the mean forward pressure found in Art. 91, 
then 

P - - Pb = (1 + c) (P« - P.) - c P, + cB P, (1 - log. , B), 

and the influence of clearance and compression is thus deter- 
mined. The total useful work done, expressed graphically 
by the area E A B K G T, is found by multiplication by X. 

95. So far no important error can arise from the assumption 
that the compression curve is an hyperbola through G : in 
calculating n, however, the error of the assumption may be 
greater, and it will be desirable to diminish it by finding 
the point T directly from the diagram* making an allowance 
for the effect of lead : for aflsuming T ^e have only 

to suppose T y an hyperbola, a snppo cannot be 

far from the truth. 
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Then, since Y T is an hyperbola^ 



zv_p. 

FB"P,' 



where P, is the cushion pressnre represented by K T in the 
figure^ and P, is, as nsnal, the terminal pressure ; 



and 






n = 



Pc 



1 + C P, 

The " effective " clearance (see last article) is conaeqaently 

I- P'_ PfP. 

In general we may write further, 

Pc = BP„ 

and thus 



cR p, 

1 + c P,' 

a value of n which I shall have occasion to use presently. 
96. The useful work now becomes (Art. 94), 

P'« - Pb 



Uaef ul work = X . 



1-n 



or if Va be the terminal volume of the steam per lb., 

Uwful work = j— ^ . ^YZ~ (per pound) 



= V.. 



P--P| -r4^ . Pi + r4r:RP.a -log-.») 



1 +c 



1+c 



1-n 



If there had been no clearance the useful work would have 
been 

Useful work = V, (P, - P,), 

and therefore the loss is given by the equation 

-n(P«-P,) + ji-(P,.-BP, + BP,log..B) 



u. = v,. 



1 -n 
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It has been already pointed out that for some vahie of the 
compressioD the loss will be least. This value is found by 
applying the usual rules for a maximum or mioitnum to the 
value of the useful work per lb. of steam just obtained, the 
variable being R and the value of n expressed in terms of B 
by the equation given above. The result of this operation is 
given by the equation 

(I + c) P. log. , B - e B P. = (I + (P- - PJ - c P„ 

which may be put in a simple form if it be supposed that the 
expansion is hyperbolic, so that 

l+10g.,r 

P. = P, . . 

whence, suhstitutiDg and simpliiying, the equation reduces to 

, R , rP, cr /, BP,\ ,,, 

and the value of the greatest work becomes simply 

Gre»t«t work = P,V, log., B, (B) 

where in (B) It has a value previously found, by trial, from 
(A). Corresponding valnes may be found if the expansion 
be not hyperbolic, but the result in this supposition is 
sufficiently approximate for the purpose. 
For example, let us take the data 



equation (A) becomes 
or 

1 BIB 

from wliiob, trying a few viihies of R by aid of th© (able o 
hyperbolic logaritbrns, we easily fiud 
R = 6} Cnearl j) ; 
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or, again, if we take a higher rate of es^pansion, say 



we obtain 



''"^•'''^i5'^»'^i6'^*' 






Placing these values in equation (B), 

Uflefhi work per pomid of steam = 1*882 P| V, : (B = 6|) ; 

„ = 2-242 . P, V, : (B = 11-5). 



»» »» » 



Suppose now we calculate the work when = 0, that is to 
say, when there is no clearance, then 

work = V,(P« - P.) = P.V. |l +log.,r-!^}. 



Usefta 



which, in the two preceding cases, becomes 

Work = 1-886. P,V, /r = 4:P, = ^P,J 

= 2-579 P,v. {'• = 8:p, = ^p,}; 

the difference between these results and the former ones 
gives the least possible loss by clearance. 

.-. Loss = -054 . P, V„ or '137 P, Vj. 

Hence the percentage of total work lost by clearance is at 
least 3 per cent, in the first case and 5 * 3 per cent in the 
second. The loss will of course be greater if the clearance 
be greater, as is not uncommon in practice. 

The point in the stroke at which compression should begin 
for least loss is obtained from the equation 

« = 1 4- — C By 

where z is the fraction of the stroke required, whence taking 
the cases considered above, 

* = -65, or * = -38, 
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results which show that in condensing engines it is usually 
incoDvenient or impossible to commence compression suffi- 
ciently early to reduce the loss to a minimum. In non- 
condensing engines P3 is at least 15 lbs. per square inch, and 
a moderate ratio of compression produces a great cushion 
pressure. 

Let us next suppose no compression, and inquire how 
great the loss will be by clearance in the special cases 
considered. Putting B = 1 in the general value for the 
useful work : 

Usefal work = , t 

1 — n 

where 

c p, 

1+c P, 

which, still supposing the expansion hyperbolic, and taking 
the numerical data aboye given, becomes 

1-721 P,V„ or 2-178 P|V,. 

Comparing these values with those just given, when there is 
no clearance, we find for the loss 

•165P,V„ or ^OlPjV,, 

showing a loss of 8|, or 15^ per cent. 

The numerical value assumed for the clearance in the 
preceding examples is not unusual in practice, and, indeed, is 
often exceeded ; and the results obtained therefore show that 
the loss by clearance is very considerable, when there is no 
compression, and may be diminished by compression, conclu- 
sions which are doubtless in the main correct, though the value 
of the loss cannot be exactly determine<l and may be some- 
what exaggerated in the preceding calculations. In the next 
chapter it will be shown that compression has the important 
additional advantage of diminishing the action of the sides 
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of the cylinder. -The partial oompensation in ocmsequenoe of 
the drying effect of clearance will be considered presently. 

The fact that there always is a loss by clearance^ except 
in the ideal case where the expansion is complete, was first 
pointed out by Mr. Macfarlane Gray, in a paper read before 
the Institution of Naval Architects in 1874; and in the 
same paper it was shown that for a particular yalne of the 
compression the loss was reduced to a minimum* 

97. In finding, graphically or otherwise, the heat expended 
on the steam when clearance and compression are taken into 
account, B Y (Fig. 24) must be regarded as the base of the 
diagram, because it is B Y which determines the consumption 
of steam and represents its terminal volume. If this be done 
all intemal-work-pressures will be unaltered, but external- 
work - pressures, such as, for instance, the mean for^^ard 
pressure, must be reduced, when necessary, from the base 
N S, representing the piston displacement, to the base B V, 
representing the terminal volume of the steam. 

The energy exerted by the working steam is employed, 
partly in compressing the cushion steam aijd partly in doing 
work on the steam piston ; while the energy exerted by the 
cushion steam during its expansion is also employed in doing 
work on the steam piston ; hence the whole work done on the 
steam piston is equal to the energy exerted by the working 
steam, subject to a correction corresponding to the expansion 
or compression T Y, occasioned by the compression T y of 
the cushion steam by the working steam being not exactly 
equal to its expansion ^Y. This correction is positive or 
negative, according as Y lies within or without the clearance, 
that is to say, according as n is small or large : it is, however, 
of small amount and may usually be disregarded. In ap- 
plying the formula for the total heat of formation, the mean 
forward pressure is therefore to be estimated as if there was 
no compression and then reduced as just described. 
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Drying Effeet (f dwranofl. 

98. It haa been already explained that, in the preceding 
articles, the steam has been supposed in the same state, when 
comparing together the case with clearance and the case 
without clearance, and that to realize this it ia necessaty 
that the boiler steam should be im^ined of Tarioos degrees 
of dryness, according to the circamstances of each special 
ease. The reascm of this is that when the steam rushes into 
an empty or partly empty clearance the expansive energy is 
employed in generating kinetic energy which, \f time etumgh 
elapsea, is absorbed by fluid friction, and appears as heat. 
Any complete investigation of the effect of clearance and 
compression must then include the consideration of the 
drying effect of clearance, at any rate so far as to ascertain 
the magnitude of the error produced by its neglect. 

The effect in question is greatest when there is no com- 
pression, as in Art. HI : in that case the admission work is 
diminished by the qiiantity o P, X ; that is to say, 



DiminiitioQ of admiwloii work = 



_ eP.T._ 



1+0 



.P,V, 



for each lb. of steam admitted. 

Now, the total heat of formation of the 8t«am in its initial 
state is diminished by an exactly equal amount, and hence 
tliis result, expressed in thermal units, is the difference 
between the heat necessary to produce the boiler steam and 
the heat necessary to produce the actual steam in the state 
in which it actually enters the cylinder after being dried by 
absorption of kinetic energy by fluid friction. 

Let, then, Xi be the actual dryness-fractioa after admission, 
and 3-1 tti« IiuIIlt ilrvucss-rrjiutioii : x, — fl^xepresicuts the 
f moisture evaporated peV^^H^ Etcuni, and 
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where Li is, as usual, the ktent heat of evaporation ezpresBed 
in the same units as Fi Yi : thus, 

where k is the number given in Tables ILL and V. : a simple 
formula for the drying effect of clearance where there is no 
compression. Evidently it increases greatly when the ex- 
pansion increases. The extreme case possible, and that only 
ideally, is when c r = 1, so that no admission work at all is 
done : in that case, 

Beferring to the Tables for the value of £, it will be seen 
that the drying effect of clearance may be as much as 8 per 
cent, in this extreme ease. In all ordinary cases it is far 
less, but nevertheless is sufficient perceptibly to diminish 
the loss by clearance. 

For example, let us take 

c = — : '• = 4 :p, = 60-4; 
.-. ar, - J?', = - . ^ = -022 . Xi, 

or 

x\ = -978x1, 

and the heat expended per lb. of steam will be approximately 
diminished by clearance in the proportion • 978 : 1. Now 
the useful work done per lb. of steam was shown to be 1 '886 
P, Vi without clearance, and 1*721 Pi Vi with clearance, 
which last result must now be divided by * 978 to enable us 
to make a true estimate of the effect of clearance. Thus 
the effective work is 1-76 Pi V,, instead of 1-72 Pi Vi; 
and the true loss is '126 Pi Vi, or 6*7 per cent., instead 
of 8| per cent., as was found to be the case when the drying 
effect of clearance was omitted. 

The partial compensation due to the cause here considered 




is proportionally less when there is compression, than when 
there is none : it can be calculated in each special case by a 
proper modification of the foregoing process, but enough has 
been suid to render the method of procedure intelligible. 
No great reliance can be placed on the resnlte of the 
cnloiilafions, for reasons to be stated presently (Art. 103). 

Steady Wire-drmcing. 

99. It has been already said that steam is said to be 
"wire-drawn" when a sensible difference of pressure exists 
between the boiler and the cylinder during the admission of 
the steam. Such a difference proceeds partly from frictional 
resistances, and partly from the fact that the motion of the 
piston is not uniform, but gradually increases from the 
commencement to the middle of the stroke, and of these two 
causes I consider the frictional resistances first. 

In Fig. 25, A B is a large cylinder, and D E a small one, 



the two being connected by a pipe, F, protided with a 
8top<!Oct which can be opened or closed at pleasure. The 
large cylinder contains steam of pressure Pi, confined by a 
suitably loaded piston, which flows through the pijw into 
the small cylinder D E, the piston of which is loaded with 
presBDre P,, the difference between Pj Pj depending on the 
frictional resistance overcome in the pipe F, which may be 
made to vary at pleasure by opening and closing the stop- 
cock. The pistons are imagined to move forward with 
^. Hi, which in the present case are uniform. 
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Under these circumstanoeSy let a time be considered during 
which 1 lb. of steam flows from the large cylinder to the 
small one; then, clearly, the only change produced in the 
whole mass of steam included between the pistons, is due to 
the transfer of 1 lb. of steam from the large cylinder to the 
small one, the remainder of the steam remaining in the same 
condition as before. 

Applying the principle of work, we have 



Energy exerted = Work done + ~ 



V - V 



^g 



the last term being the change of kinetic energy consequent 
on the increased velocity with which the lb. of steam moves. 
But the energy exerted is Pi Vi, where Vi is the specific 
volume of the steam in the large cylinder ; and the work 
done consists partly of external work. Pa V2, done in over- 
coming the resistance to motion of the small piston, and 
partly of internal work, which is given by rules previously 
stated. Hence we obtain 

P|Vi=P.V, + I.-I, + !2-2^. 

which may be written 



2^ 



= P,V, + I,-P,V,-I|; 



but with the notation employed in previous chapters (Art, 
12). 

thus, 

* o^ = A, — A, + L, ar, — L, X, , 

which is a general formula applicable to any case in which 
the motion is steady — that is to say, when the pistons move 
uniformly. The only suppositions made are, that sufficient 
time elapses to permit the kinetic energy, corresponding to 
the rushing motion through the pipe F, to be converted into 
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heat by fluid friction when the eddying motions subside into 
the simple motion of translation of the small piston, and that 
any heat generated by friction against the sides of the pipe 
passes into the steam, not into the metal of the pipe. 

The very important general formula here given is appli- 
cable to many special cases, of which that to be considered 
in the present article is when Ui Ua are small, while the dif- 
ference of pressures is not very small. Let the velocity of 
the small piston be not more than 16 feet per second, or 
960 feet per minute, then the height due to that velocity is 
under 4 feet, and the kinetic energy is consequently less than 
4 foot lbs. and may be neglected ; then, as i^ is in any case 
less than t^ we have simply 

a formula which enables us to find o^ the final dryness- 
fraction of the steam when its initial dryness is known, and 
also the pressures in the two cylinders. 
Hence 

A| + L, «, — A, 'i — 'i + Li *i 



x, = 



L. 



where Li L3 are expressed in thermal units, a formula which 
is applicable to every case of wire-4rawing which is steady 
and not too rapid. 

By subtracting o^ from each side, 

x.-»i- j^ . 

or using the formula for L (Art. 4), 

a formula which shows that steam is made drier by wire- 
drawing, and enables us to calculate the amoimt o^ 
drying. 
For example, let steam i 
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wire-drawn to 14*7 lbs. per square inchy and let it contain 
initially 5 per cent of moistare, so that Xiss'95, then 

*i = 293<> : *, = 212° : L, = 966; 
81 

/. 'f - 'l = ggg(l - W X -71) 

s= 0274. 

showing that more than half the moistore is evaporated. It 
will be seen, however, that the amount of drying is nearly 
proportional to the difference of temperature, and hence is 
generally mach less than in the extreme case here supposed. . 

100. When clearance is combined with wire-drawing, the 
effect in drjing the steam is of course much greater. It will 
be sufficient to consider one case, namely, that in which there 
is no compression and the clearance is regarded as sensibly 
empty when admission commences. 

The difference between this case and the last is, that now 

the piston does not move through the clearance space, and 

that, consequently, the work done in driving the piston is 

diminished in the proportion 

lie , , cr 

, OP 1:1- 



- . - — r—i — , or X.J. — 5— — » 
rrl+c 1+c 

the volume of the cylinder being regarded as unity for the 
purposes of the calculation. Hence the equation of the last 
article becomes, omitting the velocities for the reasons pre- 
viously stated, 

P.V.=P.V.{l-j£I^} + I.-I.: 
or, making the same changes as before, 

1 T- C 



that is. 



*t = 



— ^ " ^t + 1^1 ^1 , crx^ 1 

L, ■*■ 1 + c • * + 1 ' 



from which o^ may be calculated. 
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For examplei let 



c= — : r = 4 : a?, = 95; 

10 



and let the wire-drawing be from 66 to 60 lbs. per square 
inch, then 

«,-«, = 6°-2 : L, = 909 : L, «, = 859-4 ; 

ar, = '973. 

From this example it appears *that the effect of clearance 
is much greater than that of moderate wire-drawing in 
drying the steam ; but, as before, it is much diminished by 
compression. 

101. The loss by wire-drawing may be differently stated, 
according to the particular cases which are compared together. 
The most natural case to take is, perhaps, to compare the 
performance of a perfect engine with one which is in all 
respects perfect except that the steam is wire-drawn down to 
a given pressure. 

Let Tji , T, be the absolute temperatures, and let the other 
notation be as before, then the expenditure of heat in the 
first perfect engine is L^ o^, and the equivalent expenditure 
in the second engine is La o^ ; hence if Tq be the temperature 
of the condenser, 

Loe8 = L,x, .-i^^^— i-L,*, . •" • 



T. 



T, 



whence substituting for Lj X2 from the preceding equation, 

T — T T — T 

LOM = L, X, . -L,— ! _ (L, X. + t. - t,) . -1^ 



= T. {i--^}L.x,-(T. -T,). 



T,-T. 



For example, let 



T, = 764° : T, = 754° : 
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corresponding to wire-drawing from 70 to 60 lb& per square 
inch, then 

L, «, = 856 : ^^7=^ = -258; 

•■■1 

.-. Lo68 = 8'39 - 2-53 = 5*86 thermal units. 

The loss here, as in Chapter YIIL, means the loss of ayailable 
heat ; that is to say, the heat-equivalent of work which 
might have been done in a perfect engine working at 
70 lbs., but is not, in consequence of wire-drawing. It must 
consequently be compared, as in the case of the other losses 
considered in the chapter cited, not with the whole heat 
expended, but with the fraction available for mechanical 
purposes. 

In practical cases the loss would probably be less, and in 
some cases may even be a gain. 

Unsteady Wire-dramng, Influence of the shortness of the 

period of admission. 

102. Wire-drawing in practice is much more complicated 
than in the comparatively simple cases wliich have just been 
considered, on account of the varying motion of the piston. 
This has a twofold eflFect on the diflference of pressure 
between boiler and cylinder, the result being that, at the 
beginning of tlic stroke, the difference is not large, but that 
it goes on increasing as the stroke progresses, the admission 
line drawn by the indicator exhibiting a gradually falling 
pressure, with a rounded cut-off corner instead of a constant 
pressure with sharp cut-off. Moreover, the period of admis- 
sion is so short that it frequently happens that there is not 
sufficient time for the absorption of kinetic energy by fluid 
friction, as supposed in the preceding section. 

In the first place the acceleration of the piston has a 
direct influence, apart from frictional resistances, an idea of 
which may be obtained by considering the simpler case of 
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an incompressible fluid flowing through a pipe into a cylinder 
provided with a piston which moves with velocity u^. Let 
the ratio of areas be m, then obviously 

ti| = m u, 

is the velocity of the fluid flowing through the pipe. Further, 
let the piston be connected with a uniformly revolving crank, 
then if the obliquity of the connecting rod be neglected, the 
acceleration of the piston is well known to be co^ y, where m 
is the angular velocity and y the distance of the piston from 
the middle of its stroke. Then if n be the revolutions 
per 1", 

« = 2irii; 

and since the acceleration (J) of the water in the pipe is 
obviously m times the acceleration of the piston, we must 
have 

/ = m «3 y = m 4 IT* n' y. 

Now take two points in the pipe, A and B, distant I from 
each other, then, if the water moved uniformly, there could 
be no difierence of pressure between A and B, except that 
due to frictional resistances ; but if there be an acceleration 
in the direction A B, F^ must be greater than Fb in order to 
produce that acceleration. Let A be the area of the pipe, 
w the weight of a cubic foot of the fluid, then 



(Pa-Pb)A = ^.A/./; 

9 



or putting Z = 1, 



w 



Pa - Pb = m - 4 ir« »» y, 
9 



a formula which gives the difierence of pressu 
due to acceleration) for each foot length of 
pounds per square foot 

In the theory of reciprocating pun 
paid to this efieet of unsteady motf 



842 
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■idenbly the gpeed ftt vhioh it is possible to drive them, aixl 
noden an air Teasel neeessary to aToid ehocks. Some id^a 
erf ito magnitude, io tlie case of a steam cylinder, may be 
obtained by coonderitig that a maxJmam value of/ woo]'! 
be about 100, when the uoita are feet and seooods, wMg r, 
tbe weight of a cubic foot of steam, will not often exceed 
Lhenoe a maximum value of the fall of pressnre per fa 
■laDgth of pipe would be m lbs. per square foot. If oon th< 
'were no initial condensation, m would be a Uttle, but 
much, greater than the ratio of areas of pistoo and port, uxt 
hence would not exceed 20, bo that the fall of pressure per foot 
l^igthofpipe should not in any case exceed -1416. per square 
I inch at the commencement of the stroke, gradually diini- 
niahiDg as tlio piston approaches half stroke ; but if there ht 
mueh initial condensation, m will depend much more on th« 
rate of condensation than tlie mere are^ of port, and hence 
may be very greatly increased. The practical coQc]q$i< 
appears to be that this effect cannot be large, except whi 
there is much initial condensation. (See Art 106.) 

Frictional resistances, and the head necessary to general 
motion, are doubtless usually far more influential in 
production of a difference of pressure between the boil< 
and the cylinder ; they vary as the square of Ihe velocity 
with which the steam rushes into the cylinder, and hence, 
if there were no initial condensation, would be zero at 
the beginning of the stroke, and gradually increase up to 
half stroke if cut off has not previously occurred. The line 
drawn by the indicator pencil during admission, often called 
the "steam line" by writers on the indicator, is accordingly 
not horizontal, but falls as the stroke proceeds. When the 
ports and passages are too small for the speed of piston^ tbe 
fall is very marked. When there is any great amount of 
inilial condensation, the velocity of the steam through the 
porta, at a particular instant, wiU depend in great measoie 
"6 rate of condensation at that instant, and will be 
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increased; thus the full of pressure is increased, and is not 
perhaps necessarily/ greater at tlie end of the admission than 
[ at the beginning, though no doubt that generally occurs 
in practice. 

103, The other reason, mentioned above, why wire-drawing, 

I in an actual steam cylinder, is more complicated than in the 

■imple case considered in the preceding section, is the short- 

l neas of the time allotted for admission, in consequence of 

which, the eddying motions, due to friotional resistances and 

I especially to the sudden expansion from the area of the port 

I to the area of the cylinder, have not time to sabside, but 

I continue for some instants aft^r cut off, or even perhaps, in 

some cases, till the end of the stroke. 

At any point in the stroke, either before or after cut off, 

imagine the piston suddenly held fast, and, if open, the port 

suddenly closed, the whole ma^s of steam in the passages and 

cylinder will be in a state of violent motion, and its pressure 

will not be uniform throughout, but will generally be greater 

in the passages than in the cylinder. In a very short apace 

of time, however, the pressure will be equalized, and the 

kinetic energy of the motion will be absorbed in the form of 

I heat: thus the pressure in the cylinder will rise slightly.and 

i remain stationary. Suppose this operation carried 

I out at every point of the stroke, and the corresponding pres- 

I snrcs laid off on a diagram, which may be called the " equi- 

1 librium " diagram, that diagram will in general lie above the 

f actual diagram, and will not coincide with it imtil after the 

I Btcam is cut off, and where the piston speed is high may 

I even, in extreme cases, be conceived to deviate from it at the 

I end of the stroke. 

In the invefltigations relating to the drying action of 
clearanoe and wire-drawing in the present chapter, and to 
the heat supplied doring expansion in Chapter VII., it has been 
presupposed that there was no sensible difference between 
^wo diagrams, and each particular caw must be carefully 
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ezimi&ed and aUowance mado for possible error before n^- ' 
iog OR the r<><ia1ta of sarh calculations. It may be in squw | 
canes that iDsl«ad of clearance making tlie steam dnei, it 
makes it actually v/uW.'r daring admission than it vas in the 
boilor. And the heat supf>h'ed daring expansion may be ia 
aomo casos considorabl}- Ices than woolil appear from u 
actual diagmm, however carefully taken. 

The question here considered may also be dealt with 
without any reference to the "equilibrium" diagram by 
treating the kinetic energy, not yet absorbed by fluid ' 
biction, as part of the internal energy of the steam, ni 
addition to the energy stored up in steam of the same qoft- 
lity at rest. The heat supplied during expansion, fouud bv 
the processefl of Chapter VII,, is therefore to be corrected bj 
the Bubtraction of the difference between the kinetic energy 
of the Htcam in its initial and final states respectively; or 
if, as will usually be the case, the kinetic energy in Iha 
terminal state may be neglected, the correction will simply 
he tlie initial kinetic energy of the steam. Heuce it a 
possible to find a roaximum value of the correction so far 
as duo to wire-drawing : for, if the difference of pressure 
between boiler and cylinder be P— P' aod the mean specific 
Toliime of the steam admitted be V,,, the kinetic energy in 
question must be less, and will, probably, be much leaEL thRt 1 
is given by the formula ^^^| 

Kinelic oaergy = (P-P') V, = ^^ ,P,V, , ^^^H 

which readily may be calculated in thermal units by use of 
Table IVa. Now in the American experimeuta {Chapter SI). 
from which the data were taken emjjluyed in Chapter Til™ 
the difTereuce of pressure between boiler and cylinder does 
not appear to have exceeded oue-tenth the boiler pres- 
sure (absolute), and therefore seven or eight thermal units is 
k^xcessive estimate of the correction in question. Where 
) is reduced by throttling to one-half the 
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pressure or less, the case of course is very different. It is 
more difficult to fiud a maximum limit iu tbe case of 
clearaiice, but, aa tlio correctiou cannot exceed a small 
fraction of the work done, I think that if the data are giveu 
correctly there is no reason to doubt tbe substantial accuracy 
of the results given in the examples in question. 

The influence of the ehortncas of the time allotted for 
admission on the effects of wire-drawing was first pointed 
out by Zeuner in a paper published in the ' Civil IngSuieur ' 
for 1875, to which I shall have occasion to refer in the next 
chapter. 

Tlie formula and graphical proems of Chapter III. for deter- 
mining the total heat of formation of the steam at the end 
of the stroke are quite unaSected by the circumstances con- 
Bidered in the present article, but the exhaust waste in 
some extreme cases may include kinetic enei^ stored up in 
the exhaiiBtiug steam, instead of being exclusively due to r&> 
evaporation during exhaust and external radiation. 

104. In Art. 30, Chapter ,111., it has already been explained 
that the figure drawn by the pencil of an indicator repre- 
sents the average changes of state of the whole mass of 
eU^am shut up in the cylinder, but that, when clearance and 
wire-drawing are token into account, these changes are not 
exactly the same as the actual changes of state of any 
particular portion of the eteam. The diagram of energy of 
a particle of steam can never have any compression curve 
diffc'riiig greatly from the ex|>ansion curve, nor can there be 
a rouudud cut-off corner such as appears in actual indicator 
diagrams. 

For the forms of actual indicator diagrams, I must refer 
to any good treatise on tbe indicator. 




105. Whkh tho volume of st«am actually deliTered frtima 
Bteam cylindur at release, is compared witli the rolmne si 
dry steum ut the terminal presBure, oorrc-eponding to the 
amount of feed water need, after dedaction of the jacket 
BU[iply, it is always, or nearly always, found that the fini it 
far less than the second, showing that at the end of tke stroke 
the steam discharged from the cylinder must contain mon 
or less water, which is either re-evaporat^ during exhatu^ 
or is carried out with the exhaust otcain in tlie shape of ss^ 
pended moisture. Some of this efiect ts no doubt doe to tlu 
fact that the steam supplied by the boiler is rarely dry : but 
in general the difference in question is far too great to be 
thus accounted for, and it is therefore necessary to suppose 
that liquefaction takes place after the ste-am enters the 
cylinder. Moreover, when the expansion curve drawn by aa 
indicator is examined, it is almost always found, even when 
the greatest care has been taken to elinainate disturbing 
causes, to show that evaporation takes place during expan- 
flion. 

Mow, these unquestionable facta can only be explained bf 
supposing that liquefaction takes place daring the admission 
of the steam to the cylinder, and eraporation during ex- 
pansion and exhaust This alternate liquefaction and evapo- 
ration is chiefly due to the action of the sides of the cylinder, 
in many cases combined with the effect of water remaining 

Mthe cylinder after the exhaust is completed. Let us first 
Mder the liquefaction during the admission. 
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^Initial dmdensalian. 

106. It is in the first place clear that the amount of steam 
liquefied on admission must depend on the area of the sur- 
face exposed to the steam : it is true that other circumstances 
may, or rather must, have influence, and especially the time 
during which the contact of the steam with the surface lasts, 
and the temperature of the surface ; but the first conside- 
ration is the actual area of the surface. 

Let d be the diameter of the cylinder in feet, X the stroke, 
then 

Cabio eontent = ^ x d' ; 
Ezpoaed taiUiOd = - <f* + v A d ; 

including in the surface the cylinder cover and piston, 
although of course it will not always follow that these 
have the same influence as the surface of the cylinder itself. 
Let Yi be the volume per lb. of the steam filling the 
cylinder, then 

Weight of steam = j . -=- • 

Hence the exposed surface per lb. of steam is given by the 
formula 

or 

where Yi is as usual in cubic feet and X, d, in feet 

Now, let r be the ratio of expansion, then, treating the 
clearance space as if it all formed part of the actual cylinder, 
the admission surface will be 

a formula from which numerical results are readily obtained. 
The formula shows that the admission surface per lb. of 
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steam is increased, (1) by diminishing the size of the cylinder, 
(2) by lowering the pressure of the steam, (3) by increasing 
the expansion. 

In Chapter YII. methods have been explained by means of 
which the quantity of heat abstracted from each lb. of steam 
during admission may be determined, and hence we are in a 
position to find the heat abstracted by each square foot of 
admission surface. It is true the results of these processes 
are not free from possible errors of considerable magnitude, 
occasioned by difficulties of observation, ignorance of the 
quality of the steam supplied by the boiler, and certain 
efifects of wire-drawing (Art. 103). With proper care, how- 
ever, they may be applied to obtain roughly approximate 
results and a rough approximation is all that is required for 
the present purpose. 

Initial Condensation in Stbah Ctundebs. 



Dimensions 

of 

Cylinder. 



Biiche, 

Stroke = 2' 
Diam. = 2' V 



Ratio ' 

of I Initial 
Expan- Pressure, 
sion. 



Sorfaoe 
per Lb. 



12-6 
8-6 
61 
2-2 



89 
90 
91 
41J 



26-1 
26-6 
23*4 
31-8 



Initial 
Conden- 
sation. 



62-8 
47-4 
30-3 
22-4 



Heat abstracted 



PerLK 



Per 

8q. Ft 



8q.Pt 
per r. 



558 
421 
269 
207 



21-4 

16-8 

11-5 

6-6 



5136 
8792 
2760 
1560 



DaOas. ( 


51 


47 


36-2 


84-6 


317 


8-8 


Stroke = 2' 6" ( 


3-9 


47 


29-0 


26-4 
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8-4 


Piam. = 3' [ 


2-9 


46 


260 


21-5 


160 


61 



2112 
2016 
1464 



The annexed table gives some examples of the results of 
such calculations in the case of two of the engines experi- 
mented on by the American Board of Naval Engineers, an 
analysis of which will be given in the next chapter. The 
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engine of tlie Bache, though compound, was operated as a 
simple engine in the particular experiments here considered : 
the cylinder was jacketed, but the jacket does not appear to 
have supplied much heat, as the liquefaction iu it waa small. 
The engine of the Dallas was simple, and the cylinder was 
not jacketed, 

These results are probably too large, and perhaps con- 
siderably too largo, for the reasons indicated above : yet I 
bolieve we may safely draw the following conclusions from 
them — conclusions which aro fully confirmed by the otlier 
experiments made at the same time, as well as by those 
recently made in France by M, Him and others, and by 
numerous other previous experiments, of wliich I may espe- 
cially mention those made on locomotives by Mr. D. K. Clark, 
which will be again referred to presently : — 

(1) The initial condensation, and the heat abstracted per 
square foot of admission surface, increase with the ratio of 
expansion. 

(2) The initial condensation at high rates of expansion 
may exceed 50 per cent, 

(3) The heat abstracted per square foot of admission sui^ 
face is enormously great when compared with the time 
occupied by admission. The table shows the rate per 1' on 
the supposition that the period of admission was one-fourth of 
a second : the actual period varied, but was nearly always 
considerably less. 

Much difficulty has been felt in admitting that any con- 
siderable fraction of the steam can be condensed in the very 
short time in which the contact lasts, and, no doubt, the 
ordinary processes of radiation and convection are utterly 
inadequate for the purpose, with difierenD^^^ft^nraerature 
such AS occur in steam cylinders, even if I 
the great radiating power of aqueous V9\ 
with the permanent gasps. YeL 
the rate of condensation of poi 
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only by the rate at which the heat given oat can be absorbed 
at the other side of the tube, plate, or other surface on whkh 
the condensation takes place : * and when the process of con- 
densation is examined, it appears that radiation and con- 
vection cannot much influence the result. For the instant 
the steam comes in contact with a cold surface, a film of water 
is deposited, which cannot have a temperature materially 
different from that of the steam itself, and which would inter- 
cept the radiation from the central mass of steam, even if 
the surface could be imagined to have a much lower tempe- 
rature. It is more probable, however, that the surfetce rises 
at once nearly to the temperature of the steam, and that the 
rate of condensation depends mainly on the rate at which 
heat can be conducted from the surface to the interior of the 
body in contact The principal subject of inquiry is, there- 
fore, as to the rate of conduction of heat through metallic 
bodies. I first, however, remark that, large as are the quan- 
tities of heat with which we have to do compared with the 
time of transmission, yet that time is so short that the mean 
temperature of the cylinder cannot vary much. A square foot 
of iron 1 inch thick weighs about 40 lbs. The specific heat 
of iron may be taken about '12, and consequently the heat 
requisite to change the temperature of such a plate by 1° will 
be about 4*8 thermal units, and the change of temperature 
corresponding to the greatest condensation indicated in the 
table above will be about 4° -5, while in general the change 
will be considerably less. 

Flow of Heat hy Conduction. 

107. When heat is transmitted from a medium A to a 
medium B of lower temperature through a metallic plate 
which separates them, the rate of transmission of heat depends, 
first, on the area of surface in contact, secondly, on the 

* The experiments of Profeesor Osborne Reynolds show that the presence of 
air considerably checks condensation. 
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diffurence of temperuture. Let us suppose the temperaturea 
to be Ta Tq , then all the heat poasing from it to B niuat 
pass, flrst, into the plate, second, through the plate, and third, 
oiU of the plate : and each of these three passages requires 
a certain difference of temperature. Thus tho temperature 
(Ij,) of the outer surface of the plate is less than T^ , and that 
of the inner Burfaee (t^) is less than (^ , but greater than Ta . 
For our purposes it is only necessary to consider the trans- 
mission of heat ikrotiffh the plate, which takes place by 
conduction — for which purpose we suppose the temperatures 
(i /b to be known. 

The steady flow of heat by conduction is governed by very 
simple laws : let F be the flow per square foot per 1', y the 
thickness, and tj^ — t^ the difference of temperature ; then 

where / is a coefficient of conductivity which is known 
roughly for iron by Forbes' experiments. Forbes found that 
a difference of temperature of 1° would cause the transmission 
per r through a surface of I foot square and 1 foot thick of 
sufficient heat to raise about '01 cubic foot of water through 
1°. Hence if y be ret-koned in inches, 



Forbes' results show considerable differences in different bars 
experimented on, owing perhaps to differences in the quality 
of the iron, and also aliow that the conductivity of iron 
diminishes as the temperature rises. Also the rate of trans- 
mission through a curved surface is not exactly the same 
as through a plane surface. I believe, however, that the 
formula 

'? (thermal nnitB per !■) 



gives approxim 



Bsion, BO far aa I 
tents give a I 
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Fig. 26. 



smaller result, bat it is not certain that the thermal resist- 
ances at entrance and exit were completely eliminated by 
the methods he adopted. 

In any case, the results given by the fonnnls must be 
considered maximum yalnes, and it follows at once that, in 
no practical case, could even 2000 thermal units per 1' be 
transmitted, much less 5000, as in one of the examples given 
above, if the circumstances were such as the formula supposes. 
In fact, however, the flow of heat is by no means steady, but 
the temperature i^ of the surface of the cylinder, in contact 

with the steam, undergoes great and very 
rapid changes, the e£fect of which is 
greatly to augment the rate of conduc- 
tion. 
Fig. 26 shows a section of a plate 
7> through which heat is flowing : a is a 
point on the hotter surface, I a point on 
the cooler surface, while P lies within 
B the plate, and, for convenience, is taken 
on the line a &. When the temperatures 
tj^ t^ are fixed, the difierence of tempe- 
rature at P is shown by the formula to 
be simply proportional to the distance 
from the surface, a fact represented 
graphically by the straight, line a P b, 
the ordinate P n of which, at any point P, 
shows the differeuce of temperature between P and a. 
The flow of heat is then the same, at every point of the 
plate, at all times, and hence is said to be steady: the 

P n 
tangent of the angle eal, that is to say — , measures what 




an 



we may conveniently call the "thermal gradient " in degrees 
to tho inch. 

Imagine, however, the temperature ^b to be suddenly 
lowered, as indicated by the thermal gradient a oS e e^ being 
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the sudden fall : tlien, if Biifficient time elapee, no doubt tlie 
flow becomes sensibly steady as before, only at a greater rat«. 
Bnt, before the flow becomes steady, tbe plate must oool 
down through half the sudden fall in question, and con- 
sequently, at first, moro heat must flow into B tbau flows out 
of A, while the temperature of each point of the plate 
gradually falls : that is to say, at each instant, and at each 
point of the plate, tbe temperuture varies. We may express 
this by drawing a temperature curve for each instant con- 
sidered : curves, which at first will nearly coincide with a 6 
except in the immediate neighbourhood of B, but which will 
gradually change their form till at last they sensibly coincide 
with a o'. The figure shows two of these curves, the first 
immediately after the change, and the second a little later. 

The slope of each curve increases on passing from A to B, 
and, at each point, graphically represents tbe tliermal 
gradient; whence it is obvious that the rate of conduction 
into B may be ten or twenty times greater, in the first 
instant of the change, than tbe rate of steady flow cor- 
responding to the difference of temperature and total 
thickness. Thus, when steam comes in contact with a cold 
surface, the rate of condensation in, in the first instance, 
excessive, and afterwards rapidly diminishes : for example, 
let the difference of temperature between the steam and a 
thick plate with which it cornea in contact be 100°, then the 
surface next the steam instantly rises nearly to the tempera- 
ture of the steam, and the heat given out by the condensing 
steam is transmitted into the interior of the plate at a rate 
which, near the surface, is very great, but which rapidly 
diminishes as tbe interior of tbe plate is penetrated, and as 
time elapses. If, then, the time of contact be very short the 
condensation will be the same as if tbe plate had a certain 
very small thickness, and rose up to the temperature of 
the steam. 

There is, therefore, reaaon to believe tb 



254 kotiov or thi sidbs op the (rnxvuKa. 

stMun is adtnitted to a cylinder, tbe condeosatioD ts tke 
name as if tbe cylinder were very tiuo and rose instazitly to 
the tempernttire of the steam ; uid it ix hence easily sera 
that ft grcnt amount of initial condensatioa is perfecUj 
pcuisible. Fur example, if the cylinder be imagined j^th 
of an inch thick, and to rise through 200" from tbe tetn- 
]>emtiire of the exhanst to the temperatore of admissioii, 
the heat absorbinl woald be nearly 10 tJiermal nntts per 
•qaare foot of admission surface, or from the table abore, 
from 200 to 300 thermal nnits per lb. of steam. 

An hn|»rtant conclasion, however, follows from the con- 
uderatloQ of the Hliortneiui of the period of admission, and 
from tbe fact that tbe temperature of the snrface is approxi- 
mately the same as the temperature of the steam, and 
that is, that the condensing action of the sides most be 
maiidy superficial; the central mass of steam, not in 
immediate contact with the eides, remaining practically ou- 
affected : a conctnsion which is probably correct even in th£i 
cose when the steam is superbeated. 

108. Although tbe foregoing explanation of the condensing 
action of tbe ^ides is, in many cases, sufBci^nt, and probably 
complete, yet another cause, by means of which that action 
may be, and no doubt constantly is, indefinitely augmented, 
must not be overlooked, and that is tbe effect of water 
remaining in tbe cylinder after exhaust. 

It is not necessary to imagine a quantity of water collected 
at one point; a most powerful influence will be exercised by 
a film of water spread over the whole internal surface. Such 
a film, only riath of an inch thick, covering 20 square feet, 
would weigh 1 lb., and hence, by the table given aboTe, 
would be at least equal in weight to the steam enclosed in 
the cylinder; at admission it would rise from the t«mpera- 
tore of the exhaust to the temperature of the steam admitted, 
sount of the great specific beat of water, would be 
tential as an iron cylinder of the same thickness. 
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It hfls been shown already, in Chapter VIII., that water 
remaining after exhaust haa the same effect as a metallic 
p]at« which follows the temperature of the steam, and hence 
may conveniently be regarded as an integral part of such 
a plato; hence there is no occasion for the present to dis- 
tingnish between the action of the metallic cylinder walls 
themselves, as explained above, and the action of the water 
here considered. When the initial condensation is 40 or 
50 per cent, or upwards, it is almost certain that an accama- 
lation of water must be the principal cause. 



109. The heat abatraeted from the steam by the cylinder 
durbg admiBsion must all be given out again during 
expansion and exhaust, together with the difference (if any) 
between the beat communicated by the steam jacket and 
the heat lost by radiation. At least ttjis mnst be the case 
when a permanent regime has been attained, though of 
course, for a limited period, the cylinder may be imagined 
to have a rising or falling mean temperature. 

If then the condensing action of the sides is great, so also 
must be the power of giving out heat. Now all that we 
know of the processes of radiation and convection leads us 
to believe them to be quite inadequate to the communica- 
tion of any such amount of heat as is necessary for the 
purpose, and if the surface of the cylinder was dry, it would 
be impossible to explain how so large an amount of heat 
was abstracted from the cylinder as is represented by the 
action in question. In fact, however, the surface of the 
cylinder is covered with a film of water deposited there 
during admission: this film falls in temperature with the 
expanding steam, and, as it does so, receives heat from the 
cylinder and evaporates. No doubt, in ordinary circum- 
stances, where a mass of water is in contact with a hot 
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gorface, eyaporation is a comparatiyelj dow and diflSciilt 
process, but this prooeeds from the difficulty of obtaining a 
sufficiently rapid convection through the mass of water. In 
the present case we have a thin film of water spread ojer 
the sur&ce, and it may well be supposed that a very small 
dififerenoe of temperature is sufficient to enable the film to 
abstract heat from the surface ; so that the surface closely 
follows the temperature of the steam. The fiow of heat, hj 
conduction from the interior to the surface of the mass of 
metal, is augmented in the manner already explained, and 
here also it appears that the action of the sides is equivalent 
to that of a thin cylinder which follows the temperature of 
the steam. 

Water remaining after exhaust virtually augments the 
weight of such a cylinder as just explained in the case of the 
initial condensation, and probably follows the temperature of 
the steam much more closely than the surface of the cylinder 
itself. 

And, as before, the true conclusion to be drawn from the 
fact that the action of the sides must be supposed very 
energetic to have any material influence on the working of 
the engine, is not that the influence in question is really 
unimportant, but that the action of the sides is mainly super- 
Jicial, the central mass of steam remaining practically 
unafiected. Hence, when steam expands in a cylinder, the 
central mass of steam, whether wet or dry, or whether or no 
the cylinder be jacketed, expands adiabatically and partially 
liquefies, just as if the cylinder were non-conducting; the 
liquefied steam, being suspended throughout the mass, is 
carried out into the condenser during exhaust without abstract- 
ing any considerable amount of heat. But the film of water, 
dei)ositcd during admission, evaporates, partly during ex- 
pansion and partly during exhaust, and absorbs nearly the 
whole amount of heat given out by the cylinder. 

From thiH view of the action of the sides it follows that^ 
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'wben a permBiiest regime has been reached, not only is 
here an equality between the heat abstracted by the 
cylinder and the heat given out by the cylinder, bat also 
between the condensation during admiesion and the snper- 
flcial evaporation during expansion and exhaust; and 
matters so arrange themselves in tho cylinder that these 
two equalities may coexist, a condition which governs tha 
Actual intensity of the action of the sides. 

Action of a Simple Plaie. 

1 10. Each square foot of the cylinder surface must operate 
to a great extent independently of every other, for the 
amount of heat whicli can be communicated by lateral con- 
duction from one part to another is evidently very limited : 
Iience it is desirable to consider more closely the action of 

thin plate of known weight, attached to the piston, the 
rest of the surface being for the time left out of considera- 
tion. The influence of such a plate on the expansion curve 
las already been thoroughly considered in Chapters VII. 
and VIII., and it has just been pointed out that the actual 
action of the sides probably resembles the action of a plate the 
temperature of which follows the temperature of the steam. 

Let m be the heat supplied by such a plate as in Art. 67, 
and let it be placed in a cylinder which at each stroke 
discharges I lb. of steam. Let the initial temperature be (i, 
and, at the instant when the steam is admitted to tba 
cylinder, let the temperature of the plate be B, 1 
clearly, the temperature of the plate at once risee to /,, th<h 
requisite heat being obtained by condensation of part of the 
Bteam admitted, which forms a film on the plate of weight 
suppose. Then, assaming the boiler to supply dry 
steam, 



L, (I - T.) = 



c {(,-«). 



This film partially evaporates daring expansion, as i 
receives beat from the plate, while the mass of steam, not i: 
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immediate contact with the plate, expands adiabatically anc 
partially liquefies, as if the plate were not there, the liquefiec 
steam being distributed as suspended moisture throngh th< 
whole mass (Art^ 109). Hence if y be the fraction of tiu 
film evaporated during expansion, 



('*r5^)'«-.S 



y = :i^ ' (Art. 76, Bq. IL); 



or by substitution for 1 - ^i , 



q + 



y= ^ .T,l0g.,- 

where the capital letters, as usual, refer to absolute tempera- 
tures, and the suffix 2 to the end of the expansion. 

The values of y obtained from this equation are of course 
greatest when is greatest, that is when 5 = ^ , and even 
then are always fractional, showing that the whole of the 
film, produced by initial condensation, will not be evapo- 
rated during expansion, but that a certain portion, 1 - y, will 
remain, which can be calculated from the foregoing formula. 

When the exhaust opens, the portion in question wholly 
or partially evaporates, and the temperature of the plate 
falls until heat enough has been supplied to produce that 
evaporation. It will fall no further, because, when dry, — as 
just explained, — it communicates no sensible amount of heat 
to the steam. If a permanent regime has been attained, the 
fall of temperature must be exactly ^ - 5, the plate returning 
to its original temperature, and the whole process will then 
be repeated indefinitely. When this is the case the exhaust 
waste will be m c (^- 5). 

Now, if the fraction 1 — y be evaporated by a faU of 
temperature t^ - 0, we must have, since the absolute weight 
of that fraction will be (1 - fl^) (1 — y), and since the evapo- 
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ntioD takes place tmder the approximately coDBtant pressure 
oorrespondiDg to <„, 

m c (/, - fl) = (1 - J.) (1 - y) (L, - (, + I.), 

irbere the suffix refers to the temperature of the exhaust : 



and it is obvious that, by comparing this result with the 
value of y previously obtained, an equation will be found 
from which may be determined. That value will always 
be less than £j , and should it be greater than t^ , reprcsenta 
the actual temperature of the plate during exhaust, which 
will be lower and lower the greater the expansion. But, if 
the expansion proceed far enough, 9 will bo first equal and 
then less than i^; iu the first case, the lowest tomperature of 
the plate will bo exactly that of the exhaust, and in the 
second, as the plate cannot sink lower, the conclusion is 
that the initial condensation is always greater than the 
re-evaporation during expansion and exhaust. Water then 
accumulates in the cylinder, forming a permanent film on 
the plate, and every successive stroke in this way virtually 
increases the weight of the plate, and the proce^ of 
accumulation goes on at a constantly increasing rate, 

Ab a numerical example, suppose that the initial pressure 
in the cylinder is 00 lbs. on the square inch, and the back 
pressure 3| lbs. per square inch, corresponding to ou initial 
temperature (/,) of 320°, and an exhaust temperature [t^ of 
150° : then, so long as the terminal pressure is not less tbao 
about 20 lbs. per square inch, the lowest temperature (ff) of the 
plate will be above the exhaust temperature, and the effect 
of the plate will be to produce an initial condensation and 
an exhaust waste which gradually increase as the expansioa 
increases. .:Vny water which may happen to be in the 



i 



2^> ^cas% or zhi bdb gv 



T - 



tf uc. viH gndnftllT enponte till the perauuKnt 
regime kie beea raKhed, sod the naxiiiLiiiii ezhmnst waate 

willbe 73 H^thcfmal Gaits p»Ibk<tf steam. But, if it beat- 
tempt^ xo carry expasskai faeyood the critieal preasoie of 
20 Ifce. per ««^naze inch, accnmalatioii of water will begm, 
and the a.:tir:»L ot tLe plate will be nkdefinitel j increaaed. 

IIL Bt j^agTTi f r g the plate snffidently thin, it may always 
be ma*ie tj follow the tempemmre of the steam as closely as 
we please, az;d therefore, thei3retically, the speed of piston 
will have no iiLSaen<:e on the action of the i^te, so long as 
the expansion d«jes not extaid below the critical pressore. 
Bat, if the plate hare a sensible thickness^ it will not have 
time to follow the temperature of the steam, and an increase 
of piston speed will be followed by a dlminntion in the 
action. And, if the critical pressnre be overpassed, the 
accamQlation of water and consequent augmentation of the 
action of the sides will not be indefinite, but will be limited 
by the time necessary for initial condensation, so that at 
slow speeds the accumulation of water will be much greater 
than at high speeds. 

112. If heat be supplied to the plate from without by con- 
duction its action will be diminished, because the initial 
condensation will be diminished and the re-evaporation 
increased by amounts exactly corresponding to the heat 
supplied during the periods of condensation and evaporation- 

To estimate this effect quantitatively, it would be necessary 
to know the quantity of heat supplied during the three 
periods of admission, expansion, and exhaust ; and, in the 
period of expansion, the law of supply must be known as well 
as the total amount It would perhaps be possible to make 
a supposition nearly representing the actual facts in a given 
instunco. I shall not, however, enter on this question here ; 
but confine myself to remarking that quantities of heat 
supplied in this way produce effects out of all proportion to 
^-heir magnitudes, in raising the lowest temperature of the 
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plate and lowering the critical pressure at which accatuula- 
tion of water commeucea. The balance between condensation 
and re-evaporation is a very delicate ope, and a smsU dis- 
turbing cause produces a great change in the effect produced. 
It is important to observe that this will be especially the case 
when tbo terminal pressure approaches the critical value. 

Conversely, if heat be withdrawn from the plate by con- 
duction to external bodies, the lowest temperature of the 
plate will be lessened and the critical pressure increased. 
' 113. In a non-condensing engine the action of the plate is 
less than in a condensing engine, because the exhaust 
temperature is over 212^ and the range of temperature of 
the plate is greatly diminished. The critical pressure will 
of course be raised, and if expansion be carried beyond that 
pressure, water will accumulate to an extent only limited by 
the piston speed : but if expansion be not carried too far, the 
exhaust waste and other prejudicial eSecbi of the action of 
the plate will be considerably diminished. Numerical 
results can be obtained by use of the preceding formula 
with a suitable value of l^ . 

114. If, as is generally the case in practice, the steam be 
compressed in tlie clearance space, by closing the exhaust 
before the end of the stroke, the action of the plate will be 
diminished. For, when the steam is compressed, its 
temperature will rise, and the temperature of the plate will 
follow it — the heat, needful for the purpose, being absorbed 
from the compressed steam — and thus when fresh steam is 
admitted from the boiler, the initial condensation is not so 
great as when there is no compression. It is true that some 
of the compressed steam will frequently be liquefied in heat- 
ing the plate, and that the whole mass of steam and water iu 
the clearance will have its temperature raised at the e: 
of the heat of the boiler steam : but, nevertheten^ 
result is, probably always, to diminish the initi ~ 
tion, and so to diminish the action of thi 
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pression, therefore, is advantageooB on this acconnt as well 
as for the reasons given in the last chapter. 

115. If the expansion corye be known, and the state of 
the steam at any point of the stroke, the weight of the plate 
can be determined. For, &om the initial and terminal 
pressures, we can find by Table L the corresponding 
temperatures : then, applying the fundamental fonnala^ 



we find 



^ = -Y^ + (9 + wc) . log.,^ . 

q + mc = — ^— 



log.. I 



This problem can also be solved graphically by a proper 
modification of the construction given in Art. 64. 

The value of m o, thus obtained, includes any water re- 
maining after exhaust; because the value of X2 is deter- 
mined in such a way as not to include any of this water, but 
only the water discharged with the exhaust steam at each 
stroke, either as suspended moisture or by re-evaporation 
during exhaust. See Chapter XI. 

Qeneral Conclusio7is respecting tJie Action of the Sides. 

Jacheting. Superheating. 

116. The action of each separate portion of the cylinder 
surface is probably similar to that of a simple plate, but, in 
considering the total action, we must remember that 
diflferent parts of the surface go through difierent changes of 
temperature, and must have difierent mean temperatures. 
As the piston advances fresh surface is continually imcovered, 
and initial condensation therefore continues to some extent 
through the whole expansion. In the early part of the 
expansion condensation will predominate, in the middle and 
end re-evaporation. The weight of the equivalent plate 
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for each portion of the surface will depend partly on the 
area of exposed surface per lb. of steam, and partlj' on the 
depth to which the changes of temperature extend : and 
therefore the intensity of the action will depend partly on 
the pressure, partly on the range of temperature, and partly 
on the speed of piston. Ou the whole, we may draw the 
following general conclusions as probably representing the 
action of the sides approximately : — 

(1) Some initial condensation wiU take place at all ratios 
of expansion. 

(2) At low ratios of expansion the temperature of the 
internal surface of the cylinder during exhaust is greater 
than the exhaust temperature, and the range of temperature 
is less the less the expansion. 

(3) At a certain limiting ratio of expansion the tempera- 
ture of the internal surface during exhaust sinks to that of 
the exhau'it 

(4) In (2) and (3) an exact balance exists between 
evaporation and condensation, and the initial condensation 
increases with the expansion only because the surface and 
the range of teraprature are greater. Any water originally 
remaining in the cylinder after exhaust gradually eyaporates 
till a permanent regime is reached. 

(5) Beyond the ratio of expansion mentioned in (3), con- 
densation predominates over evaporation, and water acoumn- 
lutes in the cylinder to an amount depending ou the speed 
of piston. The action of the sides greatly increases from this 
cause. 

, (6) The action of the sides is much less in high-pressure 
cylinders than in low-pressure cyhnders, because ht* 
exposed surface and the range of temperature an* 
if the ratio of expansion be too great, accumultf 
may cause very great waste, even with 
temperature. 
(7) Quantities of heat — small in 



264 AonoN OF the sidhb ov thb oyundsb. 

total amonnts represented by the initial condensation and 
subsequent re-evaporation — added, by means of a steam 
jacket, or by the use of superheated steam, will diminish 
materially the action of the sides. Conyersely, radiation 
from unclothed cylinders will greatly augment that action. 

(8) Compression diminishes the action of the sides. 

117. These conclusions, though following natorally from 
the close analogy between the actual cylinder sides and a 
simple plate, are, if I mistake not, fully confirmed by actual 
experience, and, indeed, most of them have been suggested 
by known facts respecting the working of steam engines in 
practice. 

The great influence of initial condensation and subsequent 
re-evaporation in certain cases was pointed out by Mr. D, K. 
Clark, so long ago as 1855, in his well-known work on Bailway 
Machinery. Mr. Clark's experiments were made on locomo- 
tives, and showed that the prejudicial action of the sides 
might be avoided in non-condensing engines by properly 
protecting and heating the cylinders, while, on the contrary, 
if the cylinders were exposed and the piston speed low the 
action might be greatly augmented. 

In 1860 some experiments were made by Mr. Isherwood on 
one of the engines of the U.S. steamer Michigan, which show 
a great amount of liquefaction increasing at low speeds and 
high expansions. These experiments were discussed by the 
late Professor Bankine in a paper read before the Institu- 
tion of Engineers for Scotland, and published in their 
Transactions for 1861-2. In this paper — though his 
language in this and subsequent papers is often inconsistent 
with this view — Rankine states distinctly that the tempera- 
ture of parts of the cylinder rises and falls with the steam, 
while the great mass of it remains at a nearly uniform 
mean temperature, a suggestion already made, some time 
pireviously, by Mr. Isherwood : and he shows how water 
accumulates in the cylinder and aggravates the action of the 
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Bide« themselves. Further, Bankine explaius tliat the com- 
pouiid engine has an advantage, in splitting up the whole 
range of temperature, and so diminishing the action of the 
aides, and points out that the intensity of theactioD is mainly 
governed by the necessity of sn exact balance between con- 
densation and evaporation. 

On the other hand, Kankine does not appear to have ever 
distinguislied between the liquefaction consequent on expan- 
sion and the liquefaction during admission ; and hence ho 
regarded it as both possible and desirable to prevent lique- 
faction altogether by the use of a steam jacket. According 
to the view just explained, a great difference exists between 
the two ; the steam liquefied during expansion is distributed 
throughout the whole mass of steam, and rushes into the 
condenser without abstracting from the cylinder any sensible 
amount of heat ; while the steam liquefied during admission 
is deposited as a film on the cylinder walla, and to it alone 
Bankine's reasoning respecting the necessary balance be- 
tween condensation and re-evaporation is conceived to apply. 
Moreover, experience shows that, in non-condensing engines 
and in the high-pressure cylinders of compound engines, the 
prejudicial action of the sides may be, to a great extent, 
avoided by the use of a steam jacket and by limiting the 
ratio of expansion; and hence Itankine seems to have con- 
cluded that the action of the sides was important only in 
coses where proper precautions liad not been taken, and that 
consequently it might be excluded from consideration in a 
theory of the steam engine. 

Continental writers, generally, until quite recently, have 
attached very little importance to the action of the sides, 
Zeuner, especially, has frequently expressed an opinion that 
the action of the sides has been overrated : in a paper * 

* " Uober itic Wirkuog (leu Dmuolut und dea EiofluaH det wihadlialien 
Bauman auf die bei DampF-miuolimoii vorbrsDohtt; Diuapfuiongv," 'Civil 
lni^nl»ur,' vnl. xxi. p. I, 
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published only two years ago (1875), lie states his beU 
that a more powerfol cause must be found for some of tl 
effects obserredy and finds it in certain consequences of win 
drawing described at the close of the last chapter. 

M. Him was among the first to point out the genera 
nature of the action of the sides, bat until recently he wa 
far from suspecting the magnitude of the effects produced.^ 
Experiments, however, made by himself, and, under hi 
general direction, by Messrs. Hallauer and others, have con 
vinced him that errors of 30, 40, 50 per cent, and upward 
may be made by neglecting this action : in the third edition 
(1876) of his work on Thermodynamics he has entered a1 
great length into the question, and strongly pressed the 
view that the action of the sides is mainly superficial. The 
effect of accumulated water in augmenting the action, and 
the necessity of a balance between condensation and evapora- 
tion, ix)inted out by Kankine, are however, if I mistake 
not, left out of account These experiments were verj 
carefully mafle, and checked in various ways, so as to leave 
no doubt that the effects observed are really in great measure 
due to the action of the sides, and cannot be attributed t€ 
the effects of wire-drawing pointed out by Zeuner. 

Ill 1874-5 experiments were made on jacketed, non- 
jacketed, and compound engines, by Mr. Emery, representing 
a Board of American Naval Engineers : these experiments are 
discussed in the next chai)ter (Chapter XI.) : their results 
show clearly the great influence of the sides, and especially 
that although in non-condensing engines the evils of lique- 
faction can bo almost removed by jacketing, yet that in con- 
densing engines it is not so. 

118. Experience shows that a steam jacket is advan- 
tageous, and the reason why it is so has been pointed oui 
in the present chapter ; but the amount of advantage to Ix 
thus gained will vary according to circumstances. In man] 

* Soeictd IndustrieUo do Mulhouse, < Bullotin SpObial,' 1876, p. 187. 
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^ oases it may be that the advantage ia small. For example, 
^ in tlie high-pressure cylinder of a compound eugioe, if the 
J termiDal pressure be high as compared with the back 
k pressure, so as to be decidedly above the critical value, the 
^ range of temperature will be small and no considerable lique- 
faction will probably occur even though there be no jacket. 
And if the terminal pressure approach the back pressure so 
that tlie tendency to liquefaction is strong, the jacket may 
probably be enable maten'ally to influence that tendency on 
account of the high mean temperatnre in a high-pressure 
cylinder, which prevents much heat being drawn from the 
icket. In these two cases, then, it may be expected tliat 
bittle advantage will be gained by the use of a steam jacket : 
mt if on the other hand a terminal pressure of intermediate 
I magnitude at or a little below the critical value be imaginod, 
1 the amount of heat necessary to prevent the accumulation 
lof water will be very small, and & jacket may be expected 
I to prove of material advantage. 

Again, if the circumstances be such that water tends to 
Isccumulate at one place in the cylinder instead of being 
■>aprcad over the whole internal surface, a jacket will be of 
jttle advantage, for its intluenco extends only to superficial 
lion and condensation. Great caution therefore is 
' in drawing conclusions from any special set of 
sxperiments on the influence of jacketing. 

119. When the amount of priming water is small and 
uniformly distributed throughout the whole mass of steam, 
its iuQuence will not bo important on the working of the 
engine ; the exhaust steam will be wetter than it otherwise 
would be, but it will rush out into the condenser without 
stracting much additional heat from the cylinder. The 
I, however, very different if the priming water comes 
T at intervals in considerable amounts ; the cylinder will 
ntoin mui ' t water remaining after exliaust, 

he t 'enished before it has time to 
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trnponte. eToo soppoang Uut the cixcannstaDces are socftii 
to bnmr cnfotmtMO ; the rachaost waste will i& cooseqaEM 
be graOljr mctnMed. Thi* effect of prinung water hubca 
poiDted oat by M. Illedc in a critic-ism of Him's nemt, pnb- 
Usbed in the ' Oml Ing&iieur,* vtj. xxii. p. 371. 

12a *n» aetioD of the fridee is dimiuished no* onlr bj 
JM^cttB^ bat aim bjr the OK of niperheated eteam. \VTw 
npesfae^ed staam enters a cold cj^Under^ ooDdenntioa i&- 
Bcdtatoly takes place oo the rar&oe, bat to a lea extent th« 
if the steam were Batonted : henoe there is lem water V 
n-erapcnte, atwl the beat drawn from the crlimier a 
diDibLiabed. la abort, the evaporatioa hag an adTaotagt 
oTcr the e widewt io ii . The expertmeats of jr. Him ihof 
that the cxhanct waata nay be greaUy diminished in tiffi 
way, ae will be eeen in the next chapter. It hu bm 
nggerted by Mr. Dizwdl, in a paper read before the Sodetj 
of Art* at Boston iu 18T5, that the amount of fiuperheatiug 
ahiMild be rarie<l aooording to the cot off. 

121. The influence of the speed of pi«to» on the nctign of 
the aides cannot at preaent be estimated eren approiimately. 
The speed of the piston affects thedepth to which the chju^ 
of tempentore penetnle the mass of the cylinder, and besidtf^ 
the rate of coadetmtion and evaporation. As regards tbe 
depth, no doubt that must be diminished by increadag tiie 
speed, and, if this vere the only circumstance to be 
(iidered. it would be possible to estimate the influence of 
N[teed with tolerublo certainty. Bat fis regards tbe rate 
of oondensatiou und evapomtioD, it must be remembere>l 
that the effect of speed will maiol; depend uj>on whether the 
condensation or the evapomtioo is most intlaeaoed. It ii 
tberefore not inoonceirablo that under certain circumstan(^6S 
an iuiirease of epeed may be accompanied by au increaeo 
iustiiad of a diminution in the action of tbe sides. When the 

io of esjHiusion is so Iargt> tbat water tends to accomulate 
ylimier, it is highly probable thut the speed of the 
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piBton affecta the condensation mach more than the evapora- 
tion ; and generally we may expect that the nature of the 
inflnence will depend very mnch on the ratio of expansion. 

Experience throws little light on the subject. In some 
instances s marked diminution of liqne&ction has accom- 
panied an increase of speed, but in others no important 
difference has been found when the speed was doubled. 

The inflnence of the state of the piston and cylindeiw:over 
Borface is another point for investigation. If these sarfacet 
could be made non-conducting, it can hardly be doubted that 
consideiable advantage might, in some cases, result. 
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CHAPTEB XL 

EXPERIMENTS ON STEAM ENGINES. 

122. The more important parts of the theory of the steai 
engine having been discussed in the preceding chapten 
I shall now go on to apply the theory in farther detail t 
the working of steam engines in practice, making use of dati 
furnished by some of the numerous experiments which haY< 
been made. 

The data required for a complete comparison of theorj 
and experiment are very elaborate and extensive, and aw 
to be met with in very few cases, I might almost say in none 
excepting those made by M. Him, or under M, Hirn'f 
direction, and described in papers read before the Society 
Lidustrielle de Mulhouse in various years, ending in 1876 
Very instructive results may, however, be obtained from Ie« 
extensive series of experimental data, and my principal 
object in the present chapter will be to point out ho^ 
special data, furnished by experiments of various kinds, ma; 
be made use of to determine the amount of heat utilized and 
lost in different ways by steam engines in practice. 

Experimental Determination of the Efficiency of an Engine. 
External Radiation. Am<mnt of Priming Water, 

123. Let the data be the indicated power, and either th< 
amount of feed water used in a given time, or the condensa< 
tion water, with its rise of temperature, or, preferably, botl 
these last data combined. 

The indicated power must be determined from a numbei 
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of diagrams, accurately taken every few minutes^ for a con- 
siderable time; a single diagram is of little value where 
accuracy is desired. The feed water is to be determined by 
direct measurement during the same period, and care must 
be taken that the water level in the boiler is precisely the 
same at the beginning and end of the experiment ; the loss 
of water, frequently occasioned by imperceptible leakage, is 
so far as possible to be estimated and allowed for ; and the 
boiler pressure, height of barometer, and temperature of the 
feed, are to be frequently noted, so that mean values can be 
obtained. The case where the condensation water is the 
datum will be mentioned presently. 

From these data it is possible to find approximately the 
efficiency of the engine, both absolutely and relatively to 
a perfect engine working between the same limits of tem- 
perature. I should remark that in considering the efficiency 
of steam engines, the feed water ought, theoretically, to be 
considered as being at the temperature of the condenser in 
condensing engines, or at 212° in non-condensing engines, 
any loss or gain caused by the feed being actually at a 
different temperature being considered in estimating the 
efficiency of the boiler. The result will be exact, instead of 
approximate, if the amount of water carried over with the 
boiler steam be known, a matter to be considered presently. 

As an example, I select an experiment made with the 
compoimd engine of the 17.8. steamer Bwh, particulars of 
which are given in Mr. Emery's Report (See Art 131.) 
The data are : 

hour = 18-38 lbs. 

above atmosphere = 69-06 lbs. per sq. in. 

* = H-81 „ „ 

•d = 114° 




to supply dry steam, then 



= H| — h^. 
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where the BuflSx 1 refers to the boiler temperatnre (316*) 
corresponding to the absolute boiler pressure of 83* 87 lbs. 
per square inch. Referring to Tables L and II., 

H, = 1178 : A, = 114 - 82 = 82; 
.'. Heat expended = 1096 thezmal uniti per pound of steam ; 

Ditto per LH.P. per 1' = ^^ ^^'^ = 836 (nearly). 

The absolute eflSciency is now obtained by dividing 42*76, 
the thermal equivalent of 1 H.P., by 836, whence 

Abadnte efficiency = * 127. 

The efficiency of a perfect engine working between the 
same limits of temperature is — ==^ — = • 259, and hence 

Belative efficiency = '49. 

These results, which are much superior to the results of 
any other experiment made with the engines referred to, 
were obtained with both cylinders jacketed, and the moderate 
total expansion of 6*2. 

Secondly. If the boiler be supposed to supply moist steam, 
the total heat of evaporation must be estimated witli regard 
to such moisture as in Article 6. 

Hence it appears that to obtain exact results when the 
feed water is the datum, the amount of priming water in the 
boiler steam must be known. This is an observation which 
it is far from easy to carry out accurately ; any experiment 
professing to determine it being virtually an experiment on 
the total heat of evaporation of water, and requiring, for 
accuracy, the elaborate precautions described by Begnault 
in his memoirs on the subject. A rough determination, 
however, can be made without difficulty. 

The only exact experiments hitherto made on the amonnt 
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of priming in an ordinary steam boiler are those of M. Hallauer, 
described in the ' Bulletin de la Soci6t^ Industrielle de Mul- 
house ' for 1874. They show that the proportion is often very 
small, and nearly always less than 5 per cent., unless there 
be some special cause of priming, when, as is well known, it 
may reach any amount It probably is different for e£ich 
different case, and varies from time to time according to the 
circumstances of the evaporation. 

124. Let us next suppose that, instead of the feed water 
being measured, the quantity of water discharged from the 
condenser per minute is noted, and the difference of tempe- 
rature between the water entering and the water leaving. 
The observation has hitherto been made for injection con- 
densers only, and in this case the water leaving the condenser 
consists partly of condensed steam, and partly of the water 
entering the condenser, which, while rising in temperature, 
absorbs the heat given out by the condensing steam. 

Let W be the weight of water leaving the condenser in 
pounds per I.H.P. per minute, and W the weight of the con- 
densed steam, while t^ is the temperature on exit, and 0^ on 

entrance, then 

(W - W) a. - e.) = W'B, 

where B is the heat given out by each pound of condensing 
steam. 

But if Q be the heat expended reckoned from d^, 

Q=!U + R + *,-e. (Art. 14). 

where XJ is the useful work done per pound of steam, so that 

WU = 42-75. 

Substituting these values, 

W'Q = W(/o- e.) 4.42-75. 

Thus the heat discharged from the condenser in thermal 
units per I.H.P. per minute, when added to the constant 

T 
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42 * 75, gives the heat expended reckoned from the temperat 
of the water entering the condenser. 

This result is quite independent of the quality of 1 
steam supplied by the boiler, but does not include any I 
by external radiation, and, on the other hand, the work dc 
per pound of steam is not exactly the indicated work, I 
is a smaller quantity, because the friction of the pisi 
generates heat, which forms part of that which appears 
the condenser. 

For example, in an engine of 46*21 LELP., the qnantii 
of water discharged from the condenser was observed to 1 
408 * 3 lbs. per minuta The water, on entrance, had a tei 
perature of 53^ and on exit of 89^ '54, so that the rise < 
temperature was 36^-54. Dividing 408-3 by 46-21, an 
multiplying by 36-54, we obtain 322*86 as the thermi 
units per I.H.P. per minute, discharged from the condensei 
and adding 42*75 we obtain 365 "6 as the expenditure < 
heat when the feed water is drawn from the water enterin 
the condenser. When the feed water has a different temp< 
rature, the expenditure of heat cannot bo calculated exacti 
without knowing the quantity of steam used. If that quai 
tity be known roughly, a correction may be found ; thus, ii 
the present case, let the feed be dra^^n from the wate 
leaving the condenser, and let the steam used be estimates 
as 20 lbs. per I.H.P. per hour, or one-third of a pound pe 

minute, then the correction is — -r — or 12*2 nearlv, an< 

} 3 

the expenditure of heat will be 353*4 thermal units pe 
I.H.P. per minute. Theoretically, the weight of steam use^ 
might be found by measuring the water entering the con 
denser, a method which was actually adopted in the Frencl 
experiments (Art. 126) ; but this measurement is not prac 
tically easy to carry out, and any error will be multiplier 
many times, because the weight of condensation water is fulL 
twenty times the weight of the feed water. 




EXPERIHENTfi ON BTEAIt BKOINES. 275 

Tbe meaaiiremeut of the beat dischar{;;ed from the con- 
■'denser is used as a practical method of tegtiiig the performance 
1 of steam engines by Messra B, Uonkin and Co., and the test 
liB, no doubt, a valuable one, being to a great extent inde- 
I pendent of the performance of the boiler. For details of the 
I mode of practically carrying out the method, I must refer to 
I an article in ' Engineering' for February Rtb, 1875. 

125. The two observations of feed wator and condensation 

I water may be made at once, and in that case we have a 

I means of verifying the first law of thermodynamics, by 

I ahowing esperimentally that the heat appearing in the con- 

I denser is actually less than the heat supplied in the boiler ; 

' and at the same time by use of the known value of the 

mechanical equivalent of heat we can obtain some idea of 

the possible magnitude of the eateriial radiation and of 

the amount of priming water in the st^m supplied by the 

I boiler. 

As an example, I select Ein experiment made by Messrs. 

B. Donkin and Co, on a 60-H.P. compound engine at the 

Helo Works, described in 'Engineering' for November 3rd, 

1871. For full details, I must refer to the article cited, and 

\ I only quote the data necessary for my purpose, as foUowa : 



Boiler pT«Miire (■bsoluto) . .. 
Wftter enpontcd per I.H.P. per 1' 
Wkter diwhaiged tmrn coDdenser 
Bud of tempei>tiiT« in oonrlcDBer 

IndiMted borse-power 

H«*t diaebMg«d fmrn mniii^nBer 



= fiOG-S lbB.pPTl' 
= 31 66 

= M'8S 



(theranu nut* per 
I.H,P. per r 



Reckoning the temperature of the feed 88 51° '66 being the 
Dean initial temperature of the injection water, for reasons 
explained in the last article, we find for the total heat 
of evaporation 1153 thermal units, and hence 

Heat pipended per IH.P per 1' = 3949 thermal onita 
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But on the second mode of reckoning, 

Heftt expeoded = 3S7-6 + 42*75 = 380*85, 

a result which shows that 14 * 55 units of heat per LH.P. 
minute, together with the heat generated by piston frict 
were wasted in radiation, inclusive, probably, of the I 
discharged in the water from the steam jacket. When 
water is not returned into the condenser, and so reckoi 
as part of the discharged water, the difference of temperat 
between it and the water enteriog the condenser has to 
allowed for. This difference in the present case appean 
have been about 122% and the quantity discharged was 102 1 
per hour, or '0267 per I.H.P. per minute : thus, 122 x '02 
or 3 ' 25 of the above difference must be subtracted, leayi 
12*2 units per I.HJP. per minute, which is the differei 
between the external radiation and the heat supplied 
friction of pistons and valves. If we estimate the friction 
one-twentieth of the engine power, it would amount to 2 
thermal units per I.H.P. per minute, leaving 14 • 3 units 
radiation, or about one-twenty-seventh of the whole h< 
supplied. It is to be observed, however, that this ia 
maximum result proceeding from the supposition that t 
steam supplied by the boiler was perfectly dry. It would 
reduced one-half by supposing that steam to contain 2 p 
cent primiug water. The experiment here made lasted t 
hours, and careful observations were frequently made throng 
out that time, so as to obtain average resulta 

In France many such experiments have been made 
M. Him, with quite analogous results, and it may therefore 
considered as experimentally demonstrated that the amou 
of heat appearing in the condenser of an engine is really h 
than that supplied in the boiler, and if Joule's value of t 
mechanical equivalent of heat be assumed, we may furtfc 
conclude that, when an engine is thoroughly clothed, the 1< 
^v external radiation is not important, and that the stee 
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from an ordiEary boiler need not contain any important 
amount of priming water, conclusions which are confirmed 
by direct experiments on the radiation from surfaces, and on 
the amount of wnter contained in boiler steam. 

The expenditure of beat reckoned from the temperature 
<^ the condenser in the above example is given by 

He«t expended =: H05 - -342S x 31 '66 

= 381 thermul units per LKF. per 1' ; 
and therefore 

Alisolule cfflcienoy = -— |- = -lU. 

Taking the temperature of the condenser as 84°, 

Efflcieuuy u( « perfect engine = — — — = -281 ; 

and therefore 

lU'lative efflcienoj = -391. 

This example, compared with the case of the Rusk in 
the last article, shows that, although the system of estimating 
the efGciency of an engine by comparison with a perfect 
engine is useful when the limits of temperature are the same, 
yet that it may be practically misleading when this is not 
the case : the low temperature in an injection condenser, as 
compared with tbe surface condenser of the Ru^, being 
practically useless, though in a theoretically perfect engine 
it must be taken into account. Perhaps the adoption of a 
fictitious temperature of the condenser might meet the 
difficulty. The minimum bock pressure in practice may be 
about 2 Iba. per square inch, and the temperature correspond- 
ing to this, namely 125°, might conveniently be adopted as 
the inferior temperature in condensing engines, as 212° is in 
Lon-condensing engines. 

126. Experience appears to show that 18 lbs. of steam per 
LH.P. per hour is about the minimum consumption of steam 
commonly reached in actual engines, and the preceding caI- 
enlations indicate that, in condensing engines, this is equivi^ 
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lent to saying that about 13 per cent, of the whole h 
expended may be tamed into mechanical work, or ab 
50 per cent of the heat which would he tamed into work 
a theoretically perfect engine working between the aa 
limits of temperature. The average result, even in econa 
cally working engineGf, is much less. Of conrse loeses e 
nected with the boiler are not included in this statement 
Let us now attempt to study experimentally the ybiu 
ways in which heat is wasted in actual engines, leaving < 
of account what may be called the necessary waste, that iB 
say, the heat rejected in every engine, however perfect^ 
account of the narrow limits of temperature within which 

is restricted to work. 

• 

Experimental DeterminaUon of the Exhatist Waste. 

127. It has already been explained in Chapter IIL tl 
when steam is formed in a particular way, a certain defini 
amount of heat is required to form it, depending on t 
amount of external work done by it during formation : a 
hence that whence steam is found to be in a particular sti 
at the end of the stroke in an engine of known power, it 
j)08siblo to find the total amount of heat which has be 
supplied to it in the boiler and during the passage from t 
boiler to the end of the stroke. This heat, which we call 
the total heat of formation, is given by the formula (Art 2i 

Q = Aa - *• + X, L, + (P« - P,) V, , 

or by the graphical method of art, and the result of the c 
culation is not in any way hypothetical, provided the di 
are correctly given. 

Now the heat (Q^) supplied in the boiler, supposing in 1 
first instance that the steam supplied is dry, is known wl 
the circumstances of the evaporation are known, and eviden 
it follows that Q^ - Q must be subtracted or Q - Q^ added 
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ie steam pasees from the boiler to the end of the strulce. This 

differoQce is due partly to external riuliation, but chiefly to 

nf heat by re-evaporation during exhaust, as has already 

«n repeatedly explained, and hence Q' — Q was called the 

ihaust waste : * ite effecta have been considered in hypothe- 
iticai cases in Chapter III. I propose in the preacnt section 
io show how the necessary dafa may be ascertained by 
ifixpertmeut and to give some results of the calculation- 

The first step is to find the weight of steam discharged 
tmra the cylinder per stroke, and this is done by measuring 
the feed water, as in the preceding section, and also the 
water discharged from the steam jacket, if any, then by sub- 
traction and division by the number of strokes observed in 
the given time, the result must be the required weight. 
These observations, if conducted with care, are not liable to 
any imjiortant error. 

Next, let the volume at the terminal pressure of the 
cushion steam remaining in the cylinder after exhaust be 
found, as in Art. 84, Chapter IX., and let that volume be 
■nbtracted from the total volume of the cylinder, including 
clearance, then the result must bo the volume occupied at 
release by the steam discharged from the cylinder per stroke, 
•nd division by the weight found as above gives the volume 
of 1 lb. of it. Now, if the terminal pressure be known it 
will be possible to find the corresiiondiug volume of dry 
steam, and thus by division the proportion (a-,) of dry steam 
ID the steam contained in the cylinder at the end of the 
ftroke is found. 

The determination of the volume of coehioD steam cannot 
be made with accuracy, but the error thoa occasioned Is not 
of great importance, the principal source of error being in 
the determination of the terminal pressure. The want of an 

* Tbu qiuiDtity may also be dcwribed ni the beat "not tocoimted fat 
Vt UiB mdipalor ; " but it ia not the exact eqniTaleut of the ataim " mutc- 
mauled tot b; the inJicator." 
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easy and aocniate method of detennining the temunal 
pressure is a most important obstacle to the piogresB of the 
theory of the steam engine ; if an indicator be used it must 
be carefully tested before and after the experiment ; eyeiy 
precaution must be taken to avoid oscillations as tar as pos- 
sible, and a mean value should be obtained from a large 
number of diagrams, rejecting those which show exceptional 
variation from the mean. It appears advisable to select a 
period from the whole duration of the experiment during 
which the diagram^ vary little, showing an approach to 
uoiformity in the conditions, but of course the feed water 
used during the period must be separately measured. At 
low terminal pressures an error of one-tenth of a lb. per 
square inch will cause a considerable error in determining ds, . 

M. Him has in some cases replaced the indicator by 
a flexion dynamometer, formed by the beam itself of a beam 
engine, and states that he has obtained good results ; such a 
method appears to be of limited application, for the inertia of 
the piston and other reciprocatory parts would be difficult to 
provide against, and would cause great errors except in slow- 
moving engines. For an account of M. HJrn's apparatus, 
see * Pandynamometres,' par G. A. Him (Gauthier-Villars, 
1876). Possibly, better results might be obtained by means 
of a S|)ecial instrument designed for indicating the pressure 
at or near the end of the stroke only. M. Him, however, states 
that be is satisfied that some indicator diagrams .obtained 
by M. Leloutre are within J per cent, of the truth. Any 
determination of the terminal pressure must be less certain 
than that of the mean effective pressure, and allowance must 
be made for possible error. 

When, as is generally the case, release occurs before the 
forward stroke is completed, an estimate is to be made of 
what the terminal pressure would have been had the release 
been postponed till the completion of the stroke. 

I now proceed to give some examples, chiefly selected 
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from the American experiment, an account of which is 
givBD at the close of this chapter. 

128. First I consider an experiment on the Dexter, a 
jacketed engine, the data of which are : 

BoUor prowmre (absolute) =81-02 

TauiparalurB of feed = 114° 

Terminal preesura = 16'S7 

Cunhion preeaure = S-¥l 

DiBiueter of cylinder = 26 ina. 

Stroke =38 „ 

CleaiBDre = -0537 

Tot&ltTeightoffeedw»ter = 17S,B67 

BcTolutioiu, luiiig ganw = 12S,197 

Here the weight of food water per stroke = •714 lbs., and 
this woald be the weight of steam discharged at each stroke, 
if there was no loss of any kind : the loss in the case of the 
D&cter was accurately ascertained to be 4 -9(3 per cent, but 
although the piaton appears to have been perfectly tight, it 
does not follow that all this should be deducted; I sball, 
however, assume this, and hence the actual weight of steam 
per stroke is reduced to ' 679 lbs. 

From the data it follows that the volume of the cylinder, 
including clearance, was 11-652 cubic feet, of which the 
fraction 

'• = ,-^-p-=02i9 (Arl. 85) 

was occupied by cushion steam, so that the volume of the 
'679 lb. of working steam was 11'3S cubic feet nearly, and 
hence for the volume of 1 lb. 

V, = 16-76 cubio feet 
If now we seek the volume of dry steam corresponding to 
the terminal pressure of 16-78 lbs,, we find from Table lU. 
that the value is 23*25 cubic feet, whence, by division, 

J-, = *72(ue»il}-), 

H value which has been already used in Chapter III. iu 

[ding the total lu nwUon, nt^glectiug clearance, by 
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the graphioal methocL 1 shall now employ 'the fonnu! 

to obtain the same result^ that is to say, 

Q = A, -*. + », L, + (P«-PO V, (Art 26). 

The mean forward pressure P. is given by the expeiimei 
as 41*19 lbs. on the square inch, and this, referring as it doc 
to the piston displacement (11 *06), and not to the termini 
volume of the working steam, must be diminished in tb 
proportion 11 * 06 : 11 - 38 ; thus the corrected value is 

The correction in question does not apply to Pj, anc 
therefore in thermal units 

n> T>x^ _ (40-03 - 16-87) X 16-76 
(P--PJV,- jj^gg 

= 72*4 tbfirmal unitB. 

Now the temperature corresponding to the terminal pre< 
sure is found from Table la to be 219° nearly, and th 
corresponding value of L is 961 : hence 

A, - Aq = 219 - 114 = 105 thermal units, 

and 

XjLj = -72 X 961 = 691-9 thennal onits;' 

therefore 

Q= 105 + 691-9 + 72-4 
= 869-3 

is the total heat of formation. 

But the heat expended in the boiler is the total heat c 
evaporation of water from 114° at the boiler temperature c 
313% that is to say, 1088 thermal units; 

.*. Exhaust waste = 218-4 thennal units, 

or rather more than 20 per cent. This calculation does no 
include the loss of water mentioned above, and signifies tha 
the cylinder abstracts from each pound of the steam passing 
through it 218*4 thermal units, which is afterwards givei 
out by external radiation and re-evaporation during exhaust 
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Terminal pressares near to the atmoepheric pressure, as in 
the present instauce, are perhaps difficult to measure \yith 
accuracy, but as a difierence of half a pound does uot make a 
difTereiice of more tiiaa 20 tliermal uuite, the calculation ia 
probably very near the truth ; suppoaing only that the boiler 
supplied dry steam. 

The quality of the steam was not tested, but there is no 
reason to think that there was any important amount of 
priming water. To see the effect of p rimin g water on the 
result, let ua imagine the amount to be 5 per cent. ; then 
the whole calculation of the total heat of formation is un- 
altered, bat the total heat of evaporatioa becomes 

Q- = *, - A. + X, L, 

= SIS - 114 + '95 X 893 

= 199 + 648 = 1047 IhsmiEJ nnite : 

.-. Bsbaiut iraste = 178, 

or aboQt 17 per cent. 

The conclaaion then seems inevitable that there must 
hare been a rery considerable amount of heat wasted in 
this way. 

The cylinder in this instance was clothed, but not ateam 
jacketed. Let ua next consider a case where a steam jacket 
was used. 

129. As a second example, I take the case of a trial made 
with the machinery of the TT.S. steamer Oaltalin, with 
steam jacket in use, the data of which are as follows : 

Boiler prcMBn (kbaolnte) = 8S-4 

Tempentnre of bod = 115° 

Terminal pTMBnn = 12-14 

Otuhion presaTO • = 0*93 

Diunetor of afliodw = 84*1" 

Stroke .. .. = SO" 

ClaLimice -. .. = -066 

Total weight of feed WBtcr = 8961 

BeTolnllons, using Hune = 6809 

Waler rcoeiveil brria ateun JMkel, blcoml _ ^.g 

diist, &c / 
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Here the total weight of steam paasing through tl 
cylinder is 8501 Ibs^ and the weight per stroke consequent 
'624 lb. ; the Yolome of the cylinder, without clearance^ 
15*86 cubic feet, and, including clearance, 16*91 cubic fee 
The fraction of this volume occupied by cushion steam was 

and therefore the volume of the * 624 lb. of working steai 
was 16 '05 cubic feet, so that dividing by *624, 

y. = 25-72 oaUo feet 

From Table UL we find the volume of dry steam at th 
terminal pressure of 12'14 lbs. to be 31*45 cubic feet; 

/. X, =s -818. 

The tabulated mean forward pressure is 81*684, whicl 
being diminished as before to reduce it to the volume of th 
steam, gives 

P« = 31-3; 

from which is obtained as before, 

(P« - P,) V, = 921 thermal unitB. 

But the temperature corresponding to 12*14 is 202^ 
hence 

A,-Ao = 202-.115 = 87; «,L, = 973 x -818 = 796; 

therefore 

Q = 87 + 796 + 921 =975. 

We must now estimate the heat supplied in the boiler 
and in doing so we must include the steam supplied to the 
jacket) that is to say, for each lb. of working steam we must 
reckon 1 * 054 lb. of water evaporated in the boiler. Th< 
total heat of evaporation, calculated as usual, is 1096 ; 

.-. Q' = 1054x 1096=1155, 

and hence 

Exhaust wavte = 180 thonnal unita, 



EXPERIMENTS OH 8TEAU EMGINBS. 285 

being about l.lj per ceot. of the whole heat supplied. No 
allowance is made for loss of water of the kind mentioned iti 
the previous case. The result ehows the difference made by 
a Bteam jacket ; for though the ratio of expansion was more 
than double that in the previous example, being more than 
7 instead of 3,, yet the exhaust waste is diminished from 20 
to 15J per cent. 

On the other hand, it is clear that the addition of a steam 
jacket, though it diminishes the evil effects of liquefaction 
in the cylinder, by no means removes them : the waste here 
shown being too great to be accounted for in any other way. 
In the QaUaiin experiments the quality of the steam was 
tested by a method which, though not admitting of much 
accuracy, was sufficient to show that the amount of priming 
vater was small. 

A table of results will be given presently for various other 
cases. 

130. If the qnantity and rise of temperature of the con- 
densation water be given, in addition to the other data, it 
will be possible to distinguish that part of the whole exhaust 
waste due to re-evaporation during exhaust. Thus in the 
Hele engine trial the total exhaust waste, calculated on the 
supposition that the boiler supplied dry steam, was probably 
about 14 per cent, (see page 303); and it was shown in 
Art. 123 that about 4 per cent, was due to radiation, and 
the effect of priming water: the remaining 10 per cent., 
then, was the loss by re-evaporation. 

Analtftis of the Total Seal of Foitnation. 

131. In Chapter VIII. it was shown that the losses of 
heat, not included in the exhaust waste, were partly due to 
waste of the expansive energy of tho steam after its forma- 
tion and partly due to ■'■ application of heat by sup- 
plying it at a f i than that of the boiler. 
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Theee loneB were found to be of foar kinda^ and proper jGor- 
mal89 were given for determining the magnitode of eftch 
loss. The complication of these formnlsB renders them in- 
conyenient to apply, and I propose here to giTe a short 
roughly approximate method of analyzing the total heat of 
formation and showing how much of it is wasted fimm Tarioos 
causes. 

Referring to page 66» in Chapter IIL, let as suppose that 
the heat pressure has been found from the formula 

then the result expresses the total heat of formation, as a 
pressure on the piston^ just as the usefol work is represented 
by the mean effective pressure. Now let Ti be the absolute 
temperature of the boiler, Tq that of the condenser or the 
temperature corresponding to the atmospheric pressure if 

Fio. 27. 




there be no condenser: then multiplying p^ by the fraction 

T — T 
^rp "> which is the efficiency of a perfect engine, a pressure 

is obtained which would have been the mean effective 
pressure on the piston had the engine been perfect. 
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In Fig. 27, M M is the line of mean forward pressure, re- 
duced to the base O E, which includes the effective clearance 
(Art. 93) : H HMs the heat-pressure line, reduced as just 
described, so that the area of the whole figure down to H H^ 
now represents the work which might have been done had 
the heat been used in the best manner, while the diagram 
itself represents the work which actually is done : the dif- 
ference then represents the total loss as compared with a 
perfect engine. 

Now the loss by incomplete expansion is approximately 
(Art 85), 

U. = ^^^* . X, L, - (P. - P.) V„ 
and the equivalent pressure is consequently 



whence 






T — T 



We have then a very simple rule for finding the loss by 

incomplete expansion approximately : find the value of jp^ 
from Table Y., and after adding jp^ multiply by the fraction 

T — T 

-^= — - : set the result downwards from the terminal pressure 

and draw Z Z\ then if Q Q^ be the back-pressure line, cor- 
responding to the temperature of the condenser, the rect- 
angle QZ^ is the loss required. Thus the diagram shows 
the total loss, and the losses by incomplete expansion and 
back pressure : whence it follows that the difference, namely, 
the rectangle Z H\ must be the loss by the other causes not 
therein included, namely, by heating the feed water (Art 83), 
by applying heat during expansion (Art. 84), by clearance 
and wire-drawing. 

132. In the case of the Dexter, the first of the two 
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examples oansidered in the last section, it was shown 

Art. 28, page 66, that the yalne of Ti + — ^ . p, was 2S9 II 

per square inch nearly, and the mean forward pressure i 
duced for deaiance was fbnnd to be (Art. 127)^40 lbs. p 
square inch ; therefore 

Pi - 239 + 40 = 279. 

T — T 
Now the fraction -^= — - expressing the efficiency of a pei 

feet engine appears from the data given in the articles cite 
to be '258, whence by multiplication is obtained the mea 
efiectiye pressure in a perfect engine working between tb 
same limits, that is to say, 72 lbs. per square inch. In Fig. Z 
therefore, the line H H^ lies 72 - 40, or 32 lbs. below the bac 

O K. Next^ from Table V. the value otp^ia found to be 201 

and consequently p2 + Pa is 222 nearly ; also 

T, 680 

Multiplying, then, 222 by -155, we obtam 84-4, whic 
must be set downwards from B to find the line Z Z*. Thei 
taking 1*4 as corresponding to 114^ the temperature of th 
condenser, the distance Q Z is 19 lbs. per square inch, whici 
represents the loss by incomplete expansion approximately 
the remainder, H Z, representing the other losses, beinj 
14*4 lbs. per square inch. About half of the ^ other losses 
is due to heating the feed water instead of raising its tempc 
rature by compression, and the other half, to imprope 
application of heat during expansion, to clearance, and wire 
drawing. 

The mean back pressure from the diagram is 8 * 65 lb 
per square inch, of which, as stated just now, 1*4 lb. is tha 
corresponding to the temperature of the condenser, and con 
sequently the excess back pressure is 2 * 25 Iba Hence th 
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'hol'i available heat ezpendod in forming the steam, not 
wkoning the exhaust waste calculated in the preceding 
lectioQ, is distributed thus : 



UBeful work done . . 

Excess hsck prcosure 
IncuDipk'te ezpauiioQ 
Other kmea 



, = 31 

Ez 26-S 

. = 19-8 



Total kVBiUOe bal 



13. The results of the foregoing calcolatioii are almost 
independent of the amount of water in the steam at the end 
of the stroke, and hence the process may be applied approx- 
imately even when the weight of feed water per strolie is 
nnknown. 

Graphical Bepresentalioii of Ote Aclion of the Sides of the 
Cylinder. 

134. As has already been repeatedly explained, the preju- 
dicial action of the sides of the cylinder takes effect partly 
by re-evaporation during exhaust, and partly by re-evapo- 
ration daring expansioo, and, according to the method of 
uialyeis followed in Chapter VIII. and subsequently, this loss 
is divided between the exhaust waste of Articles 128, 129, 
and the " other losses " of the last article. It is, however, 
possible to exhibit this loss (at least approximately) apart 
from the other losses to which actual steam engines are 
subject, 

The necessary data are (1) the total weight of feed water 
used in a given time, including the liquefaction in the jacket, 
which need not be separately measured ; (2) an average indi- 
cator diagram showing the average pressure at each point of 
the stroke ; (3) the average boiler pressure and height of 
barometer; (4) the amount of priming water in the steam 
supplied by the boiler. 

From (3) and (4) may bo found the specific volume of the 



ffteun sapplied by the boiler which is to be set off on a 
gram, on which are laid down as ordinates the boiler pre 
and the terminal pressore shown by the indicator. In Fi^ 
D A, B C» are lines of boUer pressure and terminal pres 
and D A represents the specific Tolmne of the boiler et 
Now, by the constniction of Chapter YTJL, or otherwise, < 
the adiabatic cnrre throngh A, terminating in B on the 
of terminal pressure, then if E E^ be the line of mean 1 
pressure shown by the diagram, the fignre DA B E^ E 
be the indicator diagram of an engine with non-oondac 
cylinder, in which the back pressure and the terminal pres 
are the same as in the actual engine. The losses of wor 
su *h an engine are approximately the same as in the ac 
engine, except so far as due to clearance, wire-drawing, 
the action of the sides of the cylinder, and hence this diag 
may for many purposes be adapted as a standard of c 
|>arisoD. 

Tl)e data furnished by (1) and (2) are sufBcient to em 
us to find, by a process exactly similar to that of Art. ] 
tl.e proix)rtion between the volume of steam discharged 
stroke, and the volume of the whole weight of steam 
eluding jacket steam) used per stroke, supposed dry at 
terminal pressure. This proportion is often called the fraci 
of the whole consumption " accounted for by the indicat 
and iu many experiments on steam engines forms part of 
tabulated results. Now multiply the specific volume of 
steam at the terminal pressure by the fraction thus fot 
and set off on the diagram O M to represent the resi 
then on O M as base construct the actual indicator diagn 
which will now compare with the indicator diagram of 
ideal engine with non-conducting cylinder, the total consul 
tion of steam being the same in the two engines. 

Fig. 28 shows the construction for the trial of the C 
hiiny cited in Art. Ill, the jacket being in operation, t 
the ratio of expansion about 7;^. The data already gi^ 
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show that the total weight of feed water per stroke was 
•66 lb., and the effective volume of the cylinder as before 
16 • 05 cubic feet : hence the volume of the cylinder per pound 



Fio. 28. 



IfHUr Ph€0st 
Bmdc . 



QXmt$.S 




of steam is 24 * 3 cubic feet Take then O M 24 * 3 cubic feet, 
and, allowing for the effective clearance (Art. 93), construct 
the actual diagram to scale. Next set off D = 86 * 4, which 
was the boiler pressure, and assuming the boiler to supply 
dry steam, lay off A D = 5 * 02 cubic feet ; trace the adia- 
batic curve A B, which terminates in B, such that N, the 
terminal volume, is 28*3 cubic feet, and draw EK^ cor- 
responding to the actual back pressure of 3 * 6 lbs. per square 
inch. The difference between the real and the ideal diagram 
represents approximately the loss through the action of the 
sides combined with clearance and wire-drawing. By con- 
tinuing the adiabatic curve A B to the line of back pressure, 
and drawing a new adiabatic curve through C, the com- 
parison may be made exact, but this is hardly necessary. 

When the fraction (/) of steam consumed "accounted for 
by the indicator" forms part of the tabulated results of an 
experiment, all that is necessary in applying this method is 
to construct the adiabatic curve, starting from the boiler 
pressure on a scale enlarged in the proportion 1 : /, due allow- 
ance being made for the effects of clearance and compression 
in drawing the curve. 

u 2 
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Diagrams of this kind are highly instroctiyey and perhaps 
farnish a clearer idea of the nature of the loss occasioned by 
the sides of the cyh'nder than can be otherwise obtained. In 
applying the method to the case of a componnd engine, the 
diagrams from the high-pressure and low-pressure cylinden 
musty of course, be combined by the usual process before 
carrying out the construction. 

If the actual expansion curve be similar to the adiabatio 
curve, the actual diagram (leaving clearance and wire-drawing 
out of acx:ount) will be smaller than the ideal in the propor- 
tion/: 1, and the action of the sides wUl then be represented 
by the exhaust waste alone. But if (as will generally be the 
case) the actual expansion curve does not fall so fast as the 
adiabatic curve, the loss by action of the sides will be greater, 
or, if it falls faster, less, than the exhaust waste. (Comp. 
Art. 84.) 

Results of Experiments on the DistrHmtion of the Heat 

expended in Steam Engines. 

135. Frequent reference has been made in the course of 

the present work to certain experiments on steam engines, 

which have been cited as the "American experimental 

These experiments were made in the years 1874-5 on the 

machinery of the U.S. revenue steamers, Bache, Rush, 

Dexter, Dallas, and Oallatin, by Messrs. Emery and Loring, 

engineers in the service of the United States, representing 

a board of marine engineers. They are among the most 

important experiments yet made on steam engines, on 

account of the great care and judgment with which they 

were carried out and the fulness with which some of the 

most important data needed in theoretical investigations are 

set forth. Their results and the conclusions to be drawn 

from them are the subject of various reports by Mr. Emery 

V) the U.S. Government, which have been reprinted in 

Engineering,' vols. xix. and xxi. 
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In the present suction I shall give Bome nocount of these 

idotberexperiments, together with the results of calculation 

spectiug the distribution of the heat expended. For detaila 
the mode of carrying out the experiments I must refer to 

6 original reports. 

136, The annexed table shows the results in question for 
greater number of the American experiments, and for 
oe other experiment, to be mentioned presently. 

The three columns headed "Principal Particulars," and 
he consumption of steam given in the twelfth column, are 
if course the direct results of experiment: the remaining 
columns show the results of calculation by processes already 
folly expluioed, but which it may be useful to recapitulate 
llere. 

The expenditure of heat given in the last column in 
thermal units per I.H.P. per minute is reckoned from the 
tempefiiture of the feed water, whatever that moy happen to 
have been in the particular experiment considered. This is 
theoretically correct, and the number obtained by dividing 
42 "75 by the expenditure of heat thus reckoned is the true 
efficiency of the engine: although it has been already 
pointed out that it might be advantageous to adopt a ficti- 
tious temperature of the condenser, corresponding to the 
minimum bock pressure practically possible. Experiments 
42-45 are exceptions, beiog made without vacuum. Also in 
calculating tlie expenditure of heat the boiler has been sup- 
poscil to supply dry steam : the results obtained are therefore 
too large, though probably not much too large, as there is no 
reason to believe the amount of piiining water considerable. 

The three columns he-aded " Useful Heat Expended" show 
tbe useful work doue, together with the corretip(4nding n^ces- 
aary loss (Art. 88), expressed as a percentage of the total 
heat expended. The lirst of these columns is therefore the 
absolate efficiency of tbe engine, and the third tiie efiiciency 
ilatively to a perfed engine working between the same limits 
.of temperature » engine. 
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The five remtiitiing colnraiis show tlie lossea of heat, being 
the heat unnecessarilv lost. 

(1) By the exhaust waste, that is to say, by tmnsmissiou 
of heat to the exhaust steam aiid by external radiation less 
the heat given out by jjiaton friction and the effects of 
compression. The results me maxtniiim values, because tlie 
■team supplied by ihe boiler has been supposed dry: the 
method of calculatiou has been fully detaile 1 in the present 
chapter. 

(2) By incomplete expansion, that is to say, by the 
amount of work which the steam discharged from the 
cylinder might theoretically be made to do by allowing it to 
expand adiabatically down to the pressure corresponding t^ 
the temperature of the condenser. The method of calctda- 
tion is explained in Chapter VIII. In comparing the values 
given with each other and with the work done it must be 
remembered that tlie quantity of work in question depends 
not merely on the terminal preaanre, bnt also on the tem- 
perature of the condenser and on tho terminal dryness of the 
eteam: moreover, it includes the lossof heat necv^san^y accom- 
panying the performance of that amount of work, as explained 
fully in the chapter cited, ao that it compares directly with 
the useful hejit expended, not the useful work done. 

(3) By misapplication of heat in heating the feed, that is 
to say, by raising the temperature of the feed water by direct 
application of heat instead of by compression of the exhaust 
Bt«)am. The nature of this loss and the metiiod of calcula- 
tion are explained in detail in Ciiapter VIII. 

(4) By excess bock prcsaure, that is to aay, by the differ- 
ence between the actoal back pressure and the pressure cor- 
responding to the temperature of the condenser. The mode 
of calculating this loss is also explained in Chapter VIII. 

(5) By other losses, that is to say, by clearance and wire- 
drawing and by misappliration of heat during expansion. 
Tho results given in this column represent the heat re- 



2as 

■mimiTig aiuireaimis^i iir an» Ae i— fiif keat "^ tlie Am 
pr'^t^eiiiu; jasses iiav^ been. '^GDoiiacd. and sre tboeftie noc 
% zv'iiaaie jsdiDne jir^gL in. die ntfirTmlinnnii^ lircnnnL f—n 
-^f^^.rs in :iie exsecmaLU and cmlculatjans b c gome bj aecn- 
aiiLanca larK >ine9 in ea&inACzn^ the zeadiiarr heaL 

The resnlis iai3vn in uie table aze. with, one or two exeep- 
::cii& iurly •^}nffi8Cenc. when, the great complezitj of the 
:-xesci:n is icnaiersd. and leMi as to beliere that the diffi- 
inlzj :i ccLiininAT •£xji!C experimentdl data has been to a 
rr^^iu -rx^cc :Trr;i:me in tke expoimeQts in qnestioiL. It 
-tCI he •:c8erT^ tiiat n^^ attempt hag been made to cany the 
\2aLj^ LirrJier bv calcnladn^ separately the seTeral looaes 
'"J =ij?iipC'>iicadoQ ct a«fac daring expanaon, by clearance and 
xir^f-iTA riiLz: co do this it would be neceasarr to know the 
ini'Lil pr»r*siire euctlj. and this is complicated by qnestions 
r-Li::r.i' :.: tli-r er-ot -:■£ wirt-^irAwing. noticed in Chapter IX^ 
Art. I'>?. Tkh>L '^irr-.t at pnr:5ent be satisfactorily dealt with. 
1: is to be rartii^iil^v Doti«.^ that none of the calcnlations 
•:f tii-E- present chapter are affected in this way unless it be 
•> n^riTeii p<<ssible that some of the kinetic energy gene- 
nit*^d 'inrin^ aii:iiL?sfon may rt-main unabsorbed by fluid 
triction at relrAse, in which case a part of the exhaust waste 
wiil be d'le to this cau^e. 

All the results are given as percentages of the total 
f.xjeLditure of heat, but by multiplying by that total expen- 
diture as given in thr? last column, and dividing by 100, 
they may be expresse-d in thermal units per I.H.P. per 
minute, or by multiplying by the consumption of steam and 
dividing by 100, they may be expressed in lbs. of steam per 
I.II.l'. per hour. 

137. The engine of the Bache is compound, of the Woolf 
tyi>fj,* the small cylinder 16 and the large cylinder 25 inches 
<iiamotor, the stroke of both 2 feet ; the large cylinder alone 

* In iho oxainpio of Art. 60 the engine has frequently been spoken of as if 
'^ pnssosswl an intermediate reservoir, the treatment of the steam between 
^ two nyliiuIrfH \mng quite immaterial for the purposes of the article in 
Htloii. 
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is jacketed. Though compound, the engine could also be 
operated as a Himple engine by use of the large cylinder 
alone : hence tiiere were four sets of experiments according 
aa the engine was simple or compound, with or without 
jacket. The results cif twelve of these experiments are shown 
ia the table, all but one made with a boiler pressure of 
about 95 lbs, per square inch absolute. The first three 
without jacket show an exhaust waste of over 27 per cent., 
increasing with the ratio of expansion to such an extent, that 
working expansively becomes very wasteful. A discrepancy in 
the tabulated data has prevented the calculation of the losses 
in the firwt of these, but no doubt at the highest ratio of 
expansion that lusa exceeded 40 per cent. 

The nest four made with jacket in use, show a diminution 
in the exhaust waste from 27 to 22 at ratio of expansion 5, 
bnt, as in the former c^e, ihis cause of loss increases so fast 
with the expansion, that higher rates uf expansion are waste- 
ful. The last of these experiments was made at a lower 
pressure, and shows an increase in the exhaust waste from 
22 to 24, notwithstanding a diminution in the expansion 
from 5 to 2| ; the cause of this is the increased surface per 
pouud of steam, as jxiinted out already in Chapter X. 

The last five experimt-nta show in a very striking way the 
effect of compounding. The exhaust waste is diminished to 
15 per cent., but this improvement is gained at a considerable 
sacrifice, the "other losses " increasing to a great extent. 
The reason of this is that the "other losses" include the 
wastefnl liquefaction and re-evaporation in the high-pressure 
cylinder, the natnre of which was explained in detail in 
Chapter VII., together with Ihe wire-drawing between the 
cylinders. Nevertheless, in the present case, compounding is 
advantageous, but it ia dear that even here expansion must 
not be carried too far; a ratio 7 appeai-s the best in the 
present instance, wbic ' diminished to 5 without 

material loss, whil ble inciensi? is decidedly 

diftHdvantageous. 
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138. The Deotter and DaHoB haye simple engines of aome- 
what larger size than that of the Bache, the cylinder being 

26 inches diameter and 3 feet stroke, and 36 inches diameter 
and 2J feet stroke respectively. The cylinders are wiihoat 
jackets in both cases. 

In the Degder a loss of water by imperceptible leakage 
of 4 • 96 per cent, was accurately measured, and is taken into 
account in the results given. In the other experiments, 
a smaller loss of this kind doubtless occurred, but was not 
measured. 

The piston speed was much greater in these experiments 
than in those on the Bcushe, for which reason, probaUj, tbe 
results are considerably better. In one of these experiments 
(No. 20) the exhaust waste is diminished to 13*7 per cent 
by increasing the piston speed to 437 feet per minute. It is 
much to be wislied that a series of experiments should be 
made on the effect of pistou speed, all other conditions 
remaining the same. It has been already {)ointed out iu 
Chapter X. that an increase of speed may perhaps not 
always be advantageous. 

139. The Rush has a compound engine with intermediate 
receiver and with both cylinders jacketed, the diameters 
are 24 inches and 38 inches respectively, with a stroke of 

27 inches. The results are considerably better than those 
obtained with any of the other engines, as the table 
shows. No particulars being given of the water dis- 
charged from the jacket, the losses of heat have not been 
caleulateil : there can, however, be no doubt that the exhaust 
waste is greatly diminished by compounding, as in the case 
of the Baehe^ while the correspnding increase in "other 
losses," duo to liquefoction and re-evaporation in the high- 
prt^ssun^ cylinder, is to a great extent avoided by the use of a 
steam jacket or by other nitaiis (Art. 118). The fraction of 
stctim " aivounteii for bv the indicator," at the end of the 

ce of the high - pressure cylinder, was so large as to 
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ahow that the steam passing through the cylinder moBt 
have been nearly dry at the end of the stroke, whereas in 
the Baehe it was then very wet, 

140. The cnjiine of the Gallatin is simple, with jacketed 
cylindera, 34 inches diameter and 30 inches stroke. A 
great variety of experiments were made on this engine with 
various steam pressures, witli jacket in and out of use. 
TlioQgh not always perfectly consistent, as may be expected 
from the nature of the case, these experiments are highly 
instructive, and the results of twenty-one of them are given 
in the table. 

Experiments 25-39 show the marked influence of the 
steam jacket in diminishing the action of the sides of the 
cylinder, and increasing the best ratio of expannion when 
other circamstances remain the same : while lowering the 
initial pressure in the cylinder, other things being equal, is 
always followed by a diminution of efficiency. 

In experiments 40—41 the initial cylinder pressure was 
lowered to about 29 lbs,, while the jacket was supplied with 
steam of pressure 85 lbs., and therefore of temperature 68^ 
above that of the steam in the cylinder : the result, when 
compared with other experiments at a similar pressure, 
shows a considerable diminution in the exhaust waste, though 
it ia still as great as it would have been if the steam had 
been used in the cylinder at 85 lbs., no doubt in consequence 
of the increase of surface duo to the lower pressure. 

Experiments 42-45 were made without vacunra, two with 
and two without jacket in use. In this case the engine ia 
virtually non-condensing, and, as is the cose generally in 
non-condensing engines, the high exhaust temperature greatly 
diminishes the action of the sides. Thus, when the jacket 
was used, the exhaust waste was reduced to from 4 to 6J per 
cent, with a ratio of expansion of 3J to 4 ; an amount which 
is hanlly more than would probably be due to external 
radiation and the effect of nriming water, showing that the 
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transmission of heat to the exhaust steam mnst Iiave been 
trifling.* The inflaence of the steam jacket is yery marked, 
and it is probable that the mnch greater compression chs- 
racteristic of non-condensing engines has something to do 
with the dirainntion of action in qnestion. The *' other 
losses" are large, partly because the excess back presBore 
has been included, but chiefly because the expenditure of 
heat has been reckoned in these experiments from 212°, as 
in non-condensing engines; which has also been taken as 
the inferior temperature in calculating the relative e£Bciency. 
Hence the '' necessary" losses are high, and the relatire 
efficiency great. 

141. Mr. Emery has deduced from his experiments an 
empirical rule for the best ratio of expansion^ which may be 
written 

where p is the dhsohUe pressure in pounds per square inch ; 
and he considers that the results of this formula are *^ nearly 
correct for single engines of large size, with details of good 
design, too large for single engines of ordinary construction, 
and too small for the better class of compound engines." 

142. The Hele engine trial has already been discussed 
in the earlier part of the present chapter (Art. 125). The 
average terminal pressure, taken from forty-two indicator dia- 
grams for the low-pressure cylinder, was 3*7 lbs. per square 
inch,t from which, estimating the effective clearance as '05, 
the results are deduced which are given in the table. 

* In experiment 42 the tabulated value of the fraction of the consumption 
of steam " accounted for by the indicator " leads to a negative value of tlie 
exhaust waste, a result in all cases impossible. On examining the other data, 
however, the tabulated value wad found to be erroneous. In one or two other 
instances discrepancies in the results were found to be due to errors in the 
tabulated values of the fraction in question, but in moht instances they were 
found to be correct. 

t I am indebted for this information to the courtesy of Meaore. B. Donkin 
Oo. 
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The exbanat waste is found to be 14 per cent., being gome- 
what lean tlinn in the ca.''e of the Bache compound engine. 
The "other losses" are high, for the same reason as before, 
namely, the liquefaction and re-evaporation in the bigh-pres- 
8ure cylinder, due to the absence of & steam jacket, conpled 
with a great ratio of exjiansion (10). The liquefaction in the 
high-pressure cylinder was probably aggravated by the cir- 
cumstance that the steam supplying it passed through the 
low-pressure steam jncUet, and hence, probably, carried with 
it some of the liquefied steam there condensed. The great 
loss by "incomplete expansion," notwithstanding the low 
terminal pressure, which at 6rst sight appears anomalous, is 
due to the low condenser temperature corresponding to a 
pressure of only "6 lb. per square inch. The efTects of 
variation of tenijterature in modifying the apparent results 
of calculation have already been commented on in Art. 125, 
and elsewbera 

143. By far the most complete experiments on steam 
engines, from a theoretical point of view, are those com- 
menced in 1873, and still in progress, by MM. Dwelahaurers- 
Dery, W. Grosseteste, and 0. Hallauer, under the general 
supervision of M. Hirn. A summary of these experiments, 
with an introductory note by M. Him, is given in the 
' Bulletin Special ' of the Society Industrielle de Mulbouse, 
published in 187(), page 187. I have alreaiiy referred to 
these experiments in Chapter X. as furnishing decisive evi- 
dence on the subject of the action of the sides of the 
cylinder. Their general resnlta show a close agreement 
with tliose of the American experiments, but they extended 
to superheated steam, a part of the subject not therein 
included. 

The comparative residts of certain experiments with satu- 
rated and superheated steam respectively, are shown in the 
table annexed. 
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D. 


-rriptioD of Experiioent 


Adiiii«dDD 

Pressure. 

Lbfl.pei 

Square Inch. 


Itoiioof 
Eiponiian. 


Heattnui*. 
mitUxlio 
Eihaurt 


Stcum 


Kuperheatod 187° F. 


60-6 


4 


7-8 


Stftiii 


saturotod .. .. 


54 


4 


16-6 


Stciuu 




66 


7 


13-43 


Sttruu 


suturated 


M-7 


7 


21-8 



Tin- iiuiiibers given in this table for the percentage of 
liput transmitted to the exhaust strain, do not include tlie 
( \lenia) railiatioD as the exhaust waste of preceding artioJes 
tints; a suitable allowance having been made in the cal- 
iiilatiou for it. (Comp. Art. 130.) 

The result shows the great diminution in the action of 
the sides which can hn produced by suj'erheating, a dimi- 
nution, the cause of which has already been pointed out in 
Chapter X., and which is the true reason why superheated 
steam has been found in practice to be economical. 
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TABLE 


la. EELATION BETWEEN PEESSUEE AND 






TEMPEKATURE. 








Pressure in 






Pressure in 




Tempera- 


Lbs. per 8q. In; 
at the Level . 




Tempera- 


Lbs. per Sq. In. 




tare 


Difference, 


ture 


at the Level 


Difference, 


Fahrenheit, 


of the Sea in 


Ap, 


Fahrenheit, 


of the Sea in 


Ap. 


t 


Lat. 44°, 




t. 


Lat. 44^ 

P- 




o 






o 






432 


360-73 


3-64 


414 


289-48 


3-15 


431 


847-09 


3-61 


413 


286-33 


3-12 


430 


343-48 


3-58 


412 


283-21 


3-09 


429 


339-90 


3-55 


411 


280-12 


3-07 


428 


336-35 


3-53 


410 


277-05 


3-04 


427 


332-82 


3-50 


409 


274-01 


3-02 


426 


329-32 


3-47 


408 


270-99 


2-99 


425 


326-85 


3-44 


407 


268-00 


2-97 


424 


322-41 


3-42 


406 


265-03 


2-94 


423 


318-99 


3-39 


405 


262-09 


2-92 


422 


315-60 


3-36 


404 


259-17 


2-89 


421 


312-25 


3-33 


403 


256-28 


2-87 


420 


308-92 


3-31 


402 


253-41 


2-84 


419 


305-61 


3-28 


401 


250*57 


2-82 


418 


302-33 


3-25 


400 


247-75 


2-79 


417 


299-08 


3-23 


399 


244-96 


2-77 


416 


295-85 


3-20 


398 


242-19 


2-75 


415 


292-65 


3-17 


397 


239-44 


2-72 
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. 


, 


Ap 


t 


p 


A? 


396 


236-72 


2-70 


874 


183-63 


2-21 


39S 


23402 


2-67 


373 


180-42 


2-19 


391 


231-35 


2-66 


372 


178-33 


217 


393 


228-70 


2-63 


871 


176-07 


2-15 


392 


226-07 


2-6 1 


370 


173-92 


2-13 


891 


223-46 


2-68 


369 


171-79 


2-11 


S90 


220-88 


2-66 


368 


169-69 


2-09 


889 


218-32 


2-53 


367 


167-60 


2-07 


338 


215-79 


2-61 


366 


165-63 


2-05 


387 


213-28 


2-49 


365 


163-49 


2-03 


38G 


210-79 


2-47 


364 


161-47 


2-01 


385 


208-33 


2-45 


363 


159-46 


1-99 


384 


205-88 


2-42 


362 


167-48 


1-97 


383 


203-46 


2-40 


361 


155-51 


1-95 


382 


201-06 


2-38 


360 


163-66 


1-93 


881 


198-68 


2-36 


359 


151-63 


1-91 


380 


196-32 


2-34 


368 


149-72 


1-89 


379 


193-98 


2-32 


357 


147-82 


1-87 


378 


191-67 


2-29 


356 


145-96 


1-85 


377 


189-38 


2-27 


355 


144-10 


1-83 


376 


187-11 


2-25 


354 


142-27 


1-82 


375 


184-86 


2-23 


353 


140-45 


1-80 
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Table la.— conftniiAd. 



. 


F 


Ap 


. 


p 


up 


353 


138-65 


1-78 


330 


103-43 


1-41 


351 


136-87 


1-76 


329 


102-02 


1-40 


350 


135-11 


1-74 


328 


100-62 


1-39 


349 


133-37 


1-73 


327 


99-23 


1-37 


343 


131-64 


1-71 


326 


97-86 


1-35 


347 


129-93 


1-70 


325 


96-51 


1-34 


34G 


128-23 


1-68 


324 


95-17 


1-32 


345 


126-65 


1-66 


323 


93-86 


1-31 


344 


124-89 


1-64 


322 


92-54 


1-29 


343 


123-26 


1-63 


321 


91-25 


1-28 


342 


121-63 


1-61 


320 


89-97 


1-27 


341 


120-02 


1-59 


319 


88-70 


1-25 


340 


118-43 


1-57 


318 


87-45 


1-24 


339 


116-86 


1-56 


317 


86-21 


1-22 


333 


115-80 


1-54 


316 


84-99 


1-21 


337 


113-76 


1-62 


316 


83-78 


1-19 


336 


112-24 


1-50 


314 


82-69 


1-18 


335 


110-74 


1-49 


313 


81-40 


1-17 


334 


109-25 


1-48 


312 


80-23 


1-15 


333 


107-77 


1-46 


311 


79-08 


1-14 


332 


106-31 


1-45 


310 


77-94 


1-13 


331 


104-86 


1-43 


309 


76-81 


1-12 



308 




Ap 



308 
307 
306 
30.5 
304 
303 
302 
301 
3C>0 
209 
298 
297 
296 
295 
294 
293 
292 
291 
290 
289 
288 
287 



75-69 








74-5» 








73-50 








72-43 








n-36 








70-31 








69-27 








68-^ 








67-22 








66-22 




65-23 




«-25 




63-29 




62-33 




61-38 




60-45 




59-53 




58-62 




57-72 




56-83 


1 


55-96 




55-09 





-10 
•09 
-06 

•06 

-05 

-04 

-03 

•018 

•006 

•994 

•982 

•970 

•957 

•945 

•933 

-921 

-909 

•898 

•887 

•876 

•865 

•854 



282 
281 
280 
279 
278 
277 
276 
275 
274 
273 
272 
271 
270 
269 
268 
267 
266 
265 



51-21 
5S-39 
59-56 
51-74 

50-93 

50-13 

49-33 

48-55 

47-78 

4702 

46-27 

45-53 

44-79 

44-07 

43-35 

42-65 

41-96 

41-27 

40-60 

39-93 

39-27 

38-62 



I 



-832 

-821 

-810 

-799 

•790 

•780 

-771 

•761 

-752 

-743 

•733 

•7-24 

•714 

•705 

•696 

•687 

•678 

•669 

-660 

-651 

-642 
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Table la.- 



. 


p 


&]> 


I 


p 


&P 


2U 


37-98 


-633 


242 


26-92 


-466 


263 


S7-S6 


-624 


241 


26-46 


-458 


262 


36-72 


-616 


240 


25-00 


-452 


261 


36-11 


-607 


239 


24-56 


-446 


260 


36-60 


•599 


238 


24-11 


-439 


259 


34-90 


-691 


237 


23-67 


-433 


268 


34-81 


-683 


236 


23-26 


•426 


257 


83-73 


-575 


235 


22-82 


•419 


256 


33-16 


-667 


234 


22-40 


•413 


265 


32-59 


•669 


233 


21-99 


•407 


264 


32-03 


-561 


232 


21-59 


•400 


253 


31-48 


-543 


231 


21-19 


•894 


252 


30-94 


-636 


230 


20-80 


•388 


251 


30-41 


-527 


229 


20-41 


•382 


250 


29-88 


-520 


228 


20-03 


-376 


243 


29-36 


-613 


227 


19-66 


-370 


248 


28-85 


-506 


226 


19-29 


-364 


247 


28-34 


-499 


225 


18-93 


-368 


246 


27-84 


-492 


221 


18-67 


-352 


245 


27-35 


-485 


223 


18-22 


-346 


244 


26-87 


-478 


222 


17-87 


-340 


243 


26-33 




221 


17-53 





*!! ~ Si 



IJ•^ 


U-05 


-.m 


IJC 


id-^a 




IH 


l'5-ft) 


SI 


Ik- 


IJ-S« 


■217 


IH 


Ij-lfi 


■ilS 


i:< 


&-S5 


-J19 


:?2 


S-74 


■205 


1.-: 


S-53 


..J-,.; 


:..: 


i 13 


-1S9 
•IK 


:^^ 


S-:^4 





202 


1201 


201 


11-76 


200 


11 ■52 



S-37 
8- 19 
SOI 



717 

701 
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• 


p 


Ap 


. 


p 


Ap 


176 


6-86 


-163 


164 


4-091 


•0991 


176 


6-70 


■160 


163 


8^992 


•0969 


174 


6-56 


■147 


152 


3^896 


•0948 


173 


6-40 


■144 


161 


3^800 


-0923 


172 


6-26 


HI 


160 


3707 


-0909 


171 


612 


■139 


149 


3^616 


-0890 


170 


6-98 


■136 


148 


3-527 


-0872 


169 


6-86 


■134 


147 


3-440 


-0864 


168 


6-71 


■131 


146 


3-364 


-0836 


167 


6-68 


■129 


146 


3-270 


-0818 


166 


6-46 


■126 


144 


3-188 


-0801 


166 


6-32 


■123 


143 


3-108 


-0784 


164 


6-20 


■121 


142 


3-030 


-0767 


163 


608 


■119 


141 


2-963 


-0761 


162 


4-961 


■1166 


140 


2-878 


-0736 


161 


4 ■814 


•1144 


1S9 


2-806 


■0720 


160 


4-730 


■112S 


138 


2-733 


•0706 


159 


4-618 


•1101 


137 


2-663 


0690 


158 


4-608 


-1079 


136 


2-694 


•0676 


157 


4-401 


-1067 


186 


2-626 


-0660 


166 


4-296 


-1036 


.34 


2-461 


-0646 


1S5 


4 192 


-1013 


133 


2-397 


-0630 



812 
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Table la.— wfimiaef. 




t 


p 


Ap 


t 


P 


Af 


o 

182 


2-884 


0615 


o 

112 


1-843 


•0382 


181 


2-273 




.111 


1-804 








0601 






•0372 


180 


2-212 


•0688 


110 


1-267 


•0363 


129 


2-154 


•0574 


109 


1-280 


•0355 


128 


2-096 


•0561 : 


108 


1-196 


•0346 


127 


2-040 


•0548 ' 


107 


1-160 


•0337 


126 


1-985 


•0685 


106 


1-127 


•0328 


125 


1-932 


•0522 ! 


105 


1-094 


•0319 


124 


1-880 


I 

•0609 ■ 


104 


1-062 


•0311 


123 


1-829 


1 
•0497 '[ 


103 


1-031 


•0302 


122 


1-779 


1 
'0486 : 


102 


1-001 


•0294 


121 


1-731 


1 

•0476 ' 


101 


-971 


•0287 


120 


1-683 


i 

•0464 ; 


100 


-942 


•0280 


119 


1-637 


1 
-0464 :' 


99 


-914 


•0274 


118 


1-591 


1 

0444 


98 


-887 


•0267 


117 


1-547 


0433 


97 


-860 


•0260 


116 


1-504 


0423 


96 


-834 


•0252 


115 


1-462 


0412 


95 


-809 


•0246 


114 


1-421 


1 

0402 


94 


-785 


•0239 


113 


1-381 


> 

0392 . 


93 


-761 

1 
1 





FB0PSBTIB8 Or UTUBAXED SIBAM. 



TABLE lb.— RELATION BETWEEN PEESSUEB AND 
TEMFERATUBE. 





FcffMin 




Force in 




Force in 








lD><Ues of 




lochea of 


Tempe- 


Moreurj ot 




HcrcnTT at 


Tempe- 


Mercury at 


rttluro. 


32" »t 


mtu». 


32«at 


mtuie. 


32° at 




Sak UtoI. 




Sua Len-I. 




BeaLeTsL 




fi,ftt. ai" 2i'o 




CLftt. 53= 21'.) 




(Lat. S»° 21'.) 


160 


7^540 


123 


3-720 


96 


1-6971 


149 


7-364 


122 


3-619 


95 


1-G457 


118 


7-173 


121 


3-520 


94 


1-5958 


147 


6-996 


120 


3-423 


93 


1-6471 


146 


6-822 


119 


3-329 


92 


1-4998 


146 


6-661 


118 


3-237 


91 


1-4537 


144 


6-486 


117 


3-147 


90 


1-4088 


143 


6-322 


116 


3-069 


89 


1-3652 


142 


6-162 


115 


2-974 


88 


1-3228 


141 


6-006 


114 


2-890 


87 


1-2815 


140 


6-854 


113 


2-809 


86 


1-2413 


139 


5-704 


112 


2-729 


85 


1-2023 


138 


6-658 


111 


2-652 


84 


1-1643 


187 


5-415 


110 


2-676 


83 


1-1274 


136 


5-276 


109 


2-502 


82 


1-0915 


135 


6-139 


108 


2-430 


81 


1-0566 


134 


5-005 


107 


2-360 


80 


1-0227 


133 


4-874 


106 


2-292 


79 


0-9898 


132 


4-747 


105 


2-225 


78 


0-9577 


181 


4 -622 


104 


2-160 


77 


0-9266 


130 


4-500 


103 


2-097 


76 


0-8964 


129 


4-381 


102 


2- 035 


76 


0-8671 


123 


4-264 


101 


1-975 


74 


0-8386 


127 


4-160 


100 


1-917 


73 


0-8109 


126 


4-039 


99 


1-8596 


72 


0-7841 


126 


3-930 


98 


1-8039 


71 


0-7580 


124 


3-824 


97 


1-7498 


70 


0-7327 
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TABLE Ha.— TOTAL AND LATENT HEAT 
EVAPOBATION IN THESMAIi TTITITS. 



OF 



O 

401 
374 
347 
320 
293 
266 
239 
212 
185 
168 
131 
104 
77 
32 



f-82 


A 


369 


375- 16 


342 


347-0 


315 


319-0 


288 


291 - 14 


261 


263-41 


234 


236-8 


207 


208-3 


180 


180-9 


153 


153-6 


126 


126-4 


99 


99-2 


72 


72-09 


45 


46-03 



Ah 







1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 



•043 

-037 

-032 

-027 

•023 

-0185 

-0144 

-Oil 

•008 

•006 

•004 

•002 

-000 



1204*2 
1196*0 
1187-8 
1179-6 
1171-3 
1163-1 
1164-8 
1146-6 
1138-4 
1130-1 
1121-9 
1113-7 
1105-4 
1091-7 



AH 






-305 

•805 
•305 
•306 
•305 
•305 
•305 
•305 
•305 
•305 
•306 
•305 
•305 



829*1 
849-0 
868-8 
888-4 
907-9 
927-8 
946-5 
965-7 
984-8 
1003-8 
1022-7 
1041-6 
1060-4 
1091-7 



AL 



•738 
-732 

•727 

•722 

•718 

-713 

•709 

•706 

703 

701 

699 

697 

695 



H.- 
L = H - ^.— 



Explanation of Symbols. 

Total Heat of Evaporation (Art. 4) expressed in 

thermal units. 
Heat necessary to raise a lb. of water from 32^ to 

t° (Art 3) expressed in thermal units. 
Latent Heat of Evaporation (Art. 4) expressed in 

thermal units. 
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TABLE Hb.— TOTAL AND LATENT HEAT OP 
EVAPORATION IN FOOT POUNDS. 



t 


h ' 

100 


Ah 


H 

100 


AH 


L 

100 


AL 


401 


2896 


806 


9297 


285 


6401 


570 


374 


2679 


801 


9238 


285 


6664 


665 


347 


2468 


797 


9170 


285 


6707 


561 


820 


2247 


798 


9106 


236 


6868 


667 


298 


2088 


790 


9042 


285 


7009 


554 


266 


1820 


786 


8979 


236 


7159 


650 


289 


1608 


783 


8916 


286 


7307 


547 


212 


1896 


780 


8862 


285 


7456 


645 


185 


1186 


778 


8788 


285 


7603 


543 


168 


976-8 


111 


8725 


235 


7749 


641 


181 


766-8 


lib 


8661 


285 


7896 


640 


104 


656-5 


773 


8698 


286 


8041 


588 


77 


847-5 


772 


8584 


235 


8186 


586 


82 







8428 




8428 





Explanation of Stmbols. 

The BTmbols in this table have the same 
Table Ila, but quantities of heat av^ 
instead of thermal units. The difb 
mean dififerenccs per degree belw 



meanings as in 

' in foot pounds 

I tables aro tho 

• indicated. 



316 



FBOnCBXIBB or fUk.IUXAXED 8XSAIC. 



TABLE m.— DENSITY AND SPEOIFIO VOLUME OF 

DBT BTEAIL 



Preasnre 


Vnlnnifl 




Weight of a Weight of 




in Lbe. 


of 1 lb in 




Cable Foot a Cubie Foot 


Diflbrenoe per 


per 


Cub. Feet, 


— » = « 


in Lbs. in Lbe. hj 


Lh. Preagnn^ 


Sq. In^ 




by direct OftlcnlEtion, 


Aw. 


/>. 


^9 




Experiment 


V. 




250 


1-841 


1-825 


< 
• • 


'5432 


•002056 


200 


2-270 


2-254 


• • 


•4404 


•002080 


170 


2-645 


2-629 


• • 


•3780 


•002107 


140 


3-177 


3-161 


• • 


-3148 


•002130 


110 


8-986 


8-970 


• • 


•2509 


•002160 


90 


4-810 


4-794 


• • 


-2079 


•002185 


70 


6-090 


6-074 


-1682 


-1642 


- 002210 


60 


7-087 


7-021 


-1457 


-1421 


-002230 


50 


8-847 


8-881 


-1228 


•1198 


•002270 


40 


10-80 


10-28 


-09937 


•0971 


• 002297 


80 


18-49 


18-47 


-07550 


•07413 


• 002332 


25 


16-01 


15-99 


-06889 


•06247 


- 002364 


20 


19-74 


19-72 


-05117 1 


•05065 


•002398 


15 


25-87 


25-85 


-03878 1 ' 


•03866 


-002437 


12 


81-9 


• • 


-08131 ; " 

1 


03135 


-002470 


10 


37-8 


• • 


-02630 


02641 


-002490 


8 


46-6 

1 


• • 1 
1 

1 


-02126 


02143 


-00253 


6 1 


611 

1 
1 


1 

1 


•01620 

1 


01637 

1 
1 


-00258 


5 i 


72-5 


• • 1 

I 

1 


-01258 

1 

1 


01379 


-00265 


1 


89-8 

1 


I 

1 

1 


•01U2 ! • 

1 


01114 : 

1 
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TABLE IVa.— EXTERNAL WORK. 



t 


PV 

Steam Gas. 


Pc 

Foot Pounds. 


Pu 

Foot- 
pounds. 


APtt 


Pu 

Thermal 

Units. 


APtt 


o 

401 


73,670 


66,250 


65,600 


88 


85 


•0492 


374 


71,360 


65,030 


64,570 


43 


83-6 


•0557 


847 


69,050 


63,7^0 


63,400 


48 


82-1 


•0622 


320 


66,750 


62,320 


62,100 


53 


80-4 


•0687 


293 


64,440 


60,820 


60,670 


57 


78-6 


•0739 


266 


62,180 


59,230 


59,130 


61 


76-6 


•0791 


239 


59,830 


57,550 


57,480 


65 


74-5 


•0842 


212 


57,520 


55,780 


55,730 


69 


72-2 


•0894 


185 


65,210 


53,910 


53,880 


73 


69-8 


•0946 


158 


52,910 


51,950 


51,930 


77 


67-3 


•0998 


131 


50,600 


49,890 


49,880 


80 


64-6 


•104 


104 


48,290 


47,740 


47,740 




61-8 





Explanation of Symbols. 

The third oolumn of Table IVa gives the product in foot 
pounds of the pressure (P), and the volume (v) of dry saturated 
steam at the temperature indicated in the first column* The 
fourth, fifth, sixth, and seventh columns give P u, that is to say, 
p ^t; . «^ in foot pounds and thermal units together with the 
differences needed for interpolation : thus the external work done 
during evaporation under constant pressure and its heat-equivalent 
are known for any temperature, and hence by Table I. for any 
pressure. 
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TABLE IVb.— INTERNAL WOBK DUBINa 

EVAPORATION. 



t 


Foot FoimdB. 


Ap 


p 

Thfrmiil 

Unit!. 


Ap 


* = ^. 


o 

401 


674,600 


608 


7441 


•787 


8-75 


374 


690,900 


608 


766-4 


•788 


916 


847 


607,300 


609 


786-7 


•789 


9-59 


320 


623,800 


610 


808-0 


•791 


10-05 


293 


640,300 


611 


829-3 


•792 


10-65 


266 


666,800 


611 


860-7 


•792 


11-10 


239 


673,300 


612 


872-1 


•793 


11-71 


212 


689,800 


614 


893-6 


•795 


12-39 


186 


706,300 


616 


915-0 


•797 


1311 


158 


722,900 


618 


936-4 


•800 


13-92 


131 


739,600 


620 


968-1 


•803 


14-82 


104 


766,400 




979-8 




15-78 



Explanation of Symbols. 

Table TVb gives p the internal work done in producing dry 
saturated steam of a given temperature, and hence, by Table I., of 
a given pressure from water of the same temperature, or what is 
the same thing the intrinsic energy of dry saturated steam reckoned 
from water at the same temperature. The results are given in 
foot pounds and thermal units with the differences necessary for 
interpolation. The last column shows the proportion (k) which 
the internal work bears to the external work, a number also given 
in Table V. for a series of pressures. 
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TABLE IVc— TOTAL INTEENAL WORK. 





I 


^p 


I + 100 


^p 


t 


Thermal Units. 


Al 


Foot Pounds. 


Al 


o 

401 


1119-2 


•266 


8641 


197 


374 


11124 


•249 


8587 


192 


347 


1105 • 7 


-242 


8536 


187 


320 


1099^2 


•236 


8485 


182 


293 


1092^7 


•231 


8435 


178 


266 


1086^6 


•226 


8378 


174 


239 


1080-3 


•221 


8340 


170 


212 


1074-4 


•216 


8295 


166 


186 


1068-6 


-210 


8249 


162 


158 


1062-8 


-205 


8205 


158 


131 


1067-3 


•201 


8162 


155 


104 


1051-9 




8121 





Explanation of Stmbolb. 

Table IVe gives I the total internal work done in producing dry 
Bteam at any given temperature from water at 32^, or what is the 
same thing the intrinsic energy of dry saturated steam reckoned 
from water at 32^ As in the preceding tables, the differences are 

of temperature of 1°. 
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TABIiE V. — ^Table showing the lNTXBHAi.-W6BK-PBBBBimi 
and the Hkat-Pbxbbube during Evaporation under a oonstant 
External Pressure. 





IiarXBirAL-WOBK-PBEBBUBE. 






External 
Pree- 
Bure, 

P 














LbBjper 
Sq. Foot, 

P. 


Differ- 
ence, 

aP. 


Lbs. per 
Sq. Inch, 

P- 


Dii 

en 

A 


Fer- 

OB, 


P 


Heat- 

Pf 


250 


816,100 




2188 




8-75 


2488 






1100 




7- 


64 








200 


260,100 


1130 


1806 


7' 


83 


9 


03 


2006 


170 


226,200 


1162 


1571 


S- 


07 


9' 


24 


1740 

1 
1 


140 


191,300 


1208 


1329 


S- 


39 


9 


49 


: 1469 


110 


155,100 


1247 


1077 


8- 


'66 


9' 


79 


1187 


90 


130,200 


1282 


903-6 


8" 


'90 


10 


04 


993-6 


70 


104,500 


1327 


725-5 


9 


21 


10' 


36 


795-5 


60 


91,200 


1347 


633-4 


9 


'36 


10 


56 


693-4 


50 


77,750 


1391 


539-8 


9 


'65 


10' 


80 


589-8 


40 


63,850 


1435 


443-3 


9 


'97 


11' 


08 


483-3 


80 


49,500 


1480 


343-6 


10 


'28 


11 


45 


373-6 


25 


42,100 


1518 


292-2 


10 


'54 


11' 


69 


317-2 


20 


34,500 


■ 1563 


239-5 


10 


■85 


11' 


•98 


259-5 


15 


26,670 


1 

1612 


185-2 


: 11 


•20 


12' 


35 


200-2 


12 


21,840 


1645 


151-7 


. 11 


•42 


12 


64 


163-7 


10 


18,550 


1688 


128-8 


1 

; 11 


•72 


12 


■88 


138-8 


8 


15,170 


1723 


105-4 


1 

11 


•97 


13 


17 


113-4 


7 


13,450 


1740 


93-43 


1 

12 


•13 


13 


35 


100-43 


6 


11,710 


1780 


81-30 


12 


•84 


18 


55 


87-30 


5 


9,930 

1 


1822 


68-96 


12' 


'63 


13- 


79 


73-96 




8,110 




56-83 ' 

i 
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ii 

i EXPLANATION OP THE TABLES OP THE PE0PEBTIE8 

OP SATUEATED STEAM. 

Li order to Bif^lj theoretical principles to qneetionB relating to 
the steam engine, tables are indispensable, and it will be con- 
^ yenient here to make Bome observations respecting the tables given 
in this book, and to give examples of the method of using them. 

TabUa la^ lb. — Tables connecting the pressure and temperature 
of steam may be arranged either by equal intervals of temperature, 
or by equal intervals of pressure. The second method is not more 
practically useful than the first — for, in the results of experiment, 
pressures of an even number of pounds per square inch do not 
often occur — and it has certain disadvantages which render the 
first method preferable. To avoid interpolation as much as pos- 
sible, and to render the use of logarithms unnecessary when it 
cannot be avoided, the table extends to every degree. Por many 
purposes a determination to the nearest degree is quite sufficient, 
but when greater accuracy is desired, the tabulated difforences are 
used, as follows, to obtain more exact results : 

Example 1^ Pind the pressure corresponding to a temperature 
of 318° -4. 

Here Ap := 1*25 for V 

= -6 for -4°; 

:.p = 87-45 +-5 = 87-95. 

Example 2. Pind the temperature corresponding to a pressure of 
124 lbs. per square inch. 

Hero the temperature lies between 343"^ and 344^ and at 344"" 
the pressure is 124*89. Difference = -89. A|> = 1-64 for V. 

-89 
.". Difference of temperature = rrai = * ^^» 

.-. Temperature = 344*^ - •54'^= 343^-46. 

The accuracy with which the pressure is determined for a given 
temperature depends mainly on the accuracy with which tempe- 
rature can be measured. Begnault states that some of his thermo- 
meters were capable of measuring ^^(jth of a degree Centigrade ; 
if with Dixon we regard ^^yth of a degree Pahrenhoit as the limit 
of accuracy, the maximum probable error will bo found by 
dividing the corresponding tabular difference by 50 : this amounts 
to -07 lb. per square inch at the highest pressure given in the 
table, but to less than - 01 below 28 lbs. ; in no case does the 
probable error reach ^th per cent. 

y 
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The Talnes of the diflGaronoes given are not nearl j 00 iiooiiii^ 
proportionallj the last place of <lftftitna1a not being always leliible: 
one of the fonnnliB given in the Appendix ia therefore to be juA 
when great aoooracj ia neoeflsarj. For the purpose of intetpdla- 
tion ihej are always snffioienily accurate. 

As stated in the tezt^ the standard atmosphere adopted in 
Dixon's table, from which the present table is reduced, is 80 indiei 
of meronzy at 82^ at the sea-level at the Equator. This cone- 
sponds to 14-78 lbs. per square inch at the Equator, 14*66 at the 
Pole, and 14*7 in latitude 44^ It is the last value which bai 
been adopted in the present work, and the table ib therefore exact 
in latitude 44^, and amply sufficiently approximate at all other 
points on the earth's surface. 

Tallea IIgj lib, — To avoid the necessity of interpolation alto- 
gether in dotermining the total and latent heat of evaporation, it 
would be necessary that the tables should extend to every degree 
at least. On the other hand, the differences of the quantities in 
question vaiy so slowly that simple interpolation is amply soffi- 
cicnt for wide intervals of temperature. The values are therefore 
given by the table for every 27^, and for intermediate values 
interpolation is used. A single example will sufBlce. 

Example 3. Find in foot pounds and thermal units the latent 
heat for the pressure 70 lbs. per square inch, also the heat 
necessary to raise the feed water from 100^. 

By temperature table the temperature to the nearest degree is 
803^. (The nearest degree is always sufficient.) 

293'' A = 263-4 A^ a 1-027 

Diff. forlO^ = 10-27 10 



.-. for 303^ * = 273-7 10-27 

but for 100° *= 68-1 



.-. *i-^ = 205-6 

Again, in foot-pounds — 

293'' h = 203,300 104'' h = 55,650 

Diff. for 10° = 7,930 Diff. for 4* = 4 x 775 

= 3,100 



211,230 
52,550 52,550 



/. *!-*, = 158,680 

^ similar process obtains the latent heat of evaporation in foot- 
Is or thermal units. 
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TtJih m. — The Tolumo of Btoatn vnries bo rapidly with the 
p«saura that it couW only Iw Jetarminod directly by a very 
itotisiTO table : it is thorcforo ]>reforablo to tabalato tho weight of 
cubic foot of steam, instead of tho Toliirao of 1 lb. The differ- 
iceit in tbis CAse vary so slowly that wide intervals are enfficient, 
ipecially at high prossureH. In the table the iutcrval varies ho 
I not to exceed one-fiftU of the prcssuro itself, and tbo differ«noe8 
iven are the mean differences per lb. within tho iutervnL 
Example i. Find tho weight (to) of a cnblo foot of dry Bteam at 
le preesure 33 lbs. per square inch. Here 



■07413 



a to = -002297 
■002297 = ■006891 



w = -074X3+ ■ 
= -08102 



The reciprocal of u is tho volume in cnbio foot of 1 lb, of ateam, 

id is readily found by a tablo of reoiprocals or division to be 

t - 34 in this cxompla 

At pressures less than 6 lbs., or when great accuracy is required, 

is better to use Table lY., as explained below. 

Table» ITa, IVb, IVe.—la those tables the reanlts are given 

r every 27^, for the samo reasons as in Table II., and the process 
vt iuter|K>lation by means of which results are obtained for inler- 
Biediate temperatures is precisely similar, so that it need not be 
further illustrated. Table IVo, however, may bo used for other 
purposes, as follonrs : 

Fir»l. To find tlio specific volume of steam at low pressures, or 
when special accuracy is desirable. 

EMiihple 6. Find the specific volume of steam at 70 lbs. preMsnre. 

Hero tho oorrespouding temperature is 303°, and the value of 
P u by the table is 

P M = 60,670 + 630 = 61,200 
_61,300^ 
70 X 144 
c =6^071 + -016 = 

SeeontU;/. To calculate the value of (P, - PJ 
units, where the pressures are given in lbs. 
Vj is the volume of dry steam correal 
which may or may not be the same 

Here we might proceed by finding 

l^uue toot and the Tolume Vj separately, 
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and diyiskm bj 772 the imilt wodd be obtained. It ii bete, 
however, to proceed thus : 

which can now be oalonlated by nee of Table TVa with &e3iij. 
This method is constantly used in the text 

Table F. — ^The meaTiing of the term ''intemal-work-preaBine," 
and the use of this quantity in the graphical treatment of questfoni 
in the theory of the steam engine, have been sufSoiently explamed 
in the text. In order that a small table may suffice, the tabulated 
intervals are unequal, being arranged so as not to exceed ono-fiflh 
of the pressure under consideration. 

Example 6. Find the intemal-work-pressure during the fomia- 
tion of steam at 65 lbs. pressure. 

By Table Y. we find 

1) = 60 : ^= 633-4 : ^ p = 9'21 
Diff. for 6 lbs. = 46-05 5 

.-. forp = 65 p = 679-45 46-05 

Nearly the same results may be obtained direct from tho tempe- 
rature table, by use of the tabulated values of the differences. For 
by Art 47, - ^ rj^ i^p^p. 

Ecample 7. Find the equivalent pressure at 12 lbs. on tbe 

square inch. 

By Table t = 202° .'. T = 668°, 

•249 + -245 -494 
Ai>= J = -^=-247, 

.-. Pressure equivalent = 668 x -247 — 12 

= 163-76 - 12 = 151-76. 

By table the result is 151 * 7, showing practical identity. 

The ratio which this pressure bears to the external pressure is 

8 {log. T} ^' 
Example 8. Find the ratio for pressure 5 lbs. on the square inch. 

t = 163° log.p = -70586 log. T = -79518 

t = 161° log.p = -68529 log. T = -79379 

- 02067 • 00139 

-. ^ 20570 - -o Q 
.-. Batio = -jgg 1 = 13-8. 



( 325 ) 



TABLE OF HYFEBBOLIO LOOABITHMS. 



N. 


Logarithm. 


N. 


LogArfUua. 


N. 


I^gnrithm. 


I'Ol 


■00996 


1^86 


■8076 


1^71 


■6365 


102 


■01980 


137 


■3148 


1^72 


■6423 


1-03 


■02956 


1-88 


■3221 


1^73 


■6481 


104 


■03922 


139 


■3293 


174 


■6639 


105 


■04879 


140 


■3366 


1^76 


■5596 


lOS 


■06827 


1-41 


■3436 


176 


■6653 


1-07 


■06706 


1^42 


■3507 


1^77 


■6710 


1-08 


■07696 


1 43 


■3577 


178 


■6766 


1-0'J 


■08618 


144 


■3646 


1^79 


■6822 


1-10 


■09531 


1^46 


■3716 


180 


■6878 


1-11 


■1044 


146 


■3784 


1^81 


■5933 


iia 


■1133 


147 


■3853 


182 


■6988 


113 


■1222 


148 


■3920 


188 


■6048 


in 


■1310 


1^49 


■3988 


184 


■6098 


1-16 


■1398 


160 


■4065 


1^85 


■6162 


1-16 


■1484 


1^61 


■4121 


186 


■6206 


1-17 


■1570 


1^62 


■4187 


187 


■6269 


1-18 


■1666 


I^S3 


■4263 


1^88 


■6813 


119 


■1739 


164 


■4818 


189 


■6366 


lao 


■1823 


1^66 


■4382 


190 


■6418 


1-21 


■1906 


1^66 


■4447 


191 


■6471 


1-22 


■1988 


167 


■4511 


192 


■6623 


1-23 


■2070 


168 


■4574 


1^93 


■6675 


1-24 


■2161 


169 


■4637 


1^94 


■6627 


1-26 


■2231 


160 


■4700 


1-96 


■6678 


1-26 


■2311 


1^61 


■4762 


1^96 


■6729 


1-27 


■2390 


1^62 


•4824 


197 


■6780 


1-28 


■2469 


• ■63 


•4880 


198 


'6831 


128 


■2546 


1^64 


■4947 


199 


•im 


1-30 


■2624 


1^66 


■6008 


200 


■^mmk 


1-31 


■2700 


1^66 


■6068 


2 ul 


"^^^ 


1-32 


■2776 


1^67 


■5128 


s-ra. 




1-33 


■2852 


168 


■6188 




m^^^^^^ 


1-34 


■2927 


1^69 


•6247 


^■^H 


^^^^^^1 


1-86 


■3001 


170 


•Kiogi 


■ 


^ 



N. 


Lc^mnthni. 


N. 


LoptfUiD. 


N. 


Lopmi.^ 


206 


■7227 


246 


■9002 


^■86 


1-0508 


ao7 


•7275 


2^47 


■9042 


2-87 


1-0543 


i-m 


•7324 


2^48 


■9083 


2^88 


1-0678 


ao9 


•7372 


249 


■9123 


2^89 


1-0613 


2-10 


•7419 


260 


■9163 


3^90 


1-0647 


2-11 


■7467 


261 


■9203 


291 


1-0682 


212 


•7614 


2^52 


■9243 


292 


1-0716 


213 


•7561 


2^53 


■9282 


2-93 


1-0750 


S-14 


•7608 


2^64 


■9322 


2-94 


1-0784 


2-15 


•7655 


3'56 


■9361 


2-95 


1^0818 


216 


•7701 


2^56 


■9400 


2-96 


1^0852 


2-17 


•7747 


2^67 


■9439 


297 


1^0886 


2-18 


•7793 


2-58 


■9478 


2^98 


1^0919 


219 


■7839 


2-69 


■9617 


2^9g 


1^0953 


2-20 


•7884 


2^60 


■9665 


8^00 


10986 


2-21 


■7930 


2^61 


■9694 


301 


1^1019 


2-22 


■7975 


262 


■9632 


3^02 


1^1053 


2-23 


■8020 


2^63 


■9670 


3^03 


1-1086 


2-2* 


■8065 


264 


■9708 


3^04 


1-1119 


2-25 


•8109 


2^65 


■9746 


3^05 


1-1151 


2-26 


■8154 


266 


■9783 


3^06 


1-1184 


2-27 


■8198 


267 


■9821 


3^07 


1-1217 


2-28 


■8242 


2^68 


■9858 


3^P8 


1-1249 


2-29 


■8286 


2^69 


■9896 


3^09 


1-1282 


2-30 


■8329 


2^70 


■9933 


3^10 


1^1314 


2-31 


■8372 


271 


■9969 


311 


1^1346 


2-32 


■8416 


2^72 


1-0006 


3^12 


1^1378 


2-33 


■8459 


273 


1^0043 


3^13 


I^UIO 


2-34 


■8502 


2^74 


1^0080 


3^14 


1^1443 


2-35 


■8544 


2^76 


10116 


3-15 


1^U74 


2-36 


■8687 


276 


1^0152 


316 


1^1606 


2-37 


■8629 


277 


1^0188 


317 


1^1637 


2-38 


■8671 


278 


1^ 0^225 


318 


1^15fi9 


2-39 


■8713 


279 


1^0260 


819 


1^1600 


2-40 


■8755 


2^80 


1^0296 


3^20 


1^1632 


2-41 


■8796 


2^81 


10332 


3^21 


1^1663 


2-42 


■8838 


282 


1^0367 


322 


1-1694 


2-43 


■8879 


283 


1^0403 


S23 


1-1735 


244 


■8920 


284 


1^0438 


8^24 


1-1756 


2-46 


■8961 


3^85 


10473 


32i 


11787 



HXPKBBOLIO LOOABTCHIIS. 



N. 


LogKlthm. 


N. 


Logarithit). 


N. 


Logarithm. 


3-2S 


1-1817 


366 


1-2975 


4-06 


1-4012 


3-27 


1-1848 


3-67 


1-3002 


4-07 


1-4036 


3-28 


1-1878 


8-68 


1-3029 


4-08 


1-4061 


3-29 


1-1909 


3-69 


1-306C 


409 


1-4085 


880 


1-1939 


3-70 


1-3083 


4-10 


1-4110 


3-31 


l-19fJ9 


3-71 


1-3110 


4-11 


1-4134 


3-32 


1-2000 


3-72 


1-3137 


4-12 


1-4159 


S-33 


1-9030 


3-73 


1-3164 


413 


1-4183 


3-34 


1-2060 


3-74 


1-3191 


4-U 


1-4207 


3-36 


1-2090 


3-75 


1-3218 


4-15 


1-4231 


3-36 


1-2119 


3-76 


1-3244 


4-16 


1-425S 


3-37 


1-2149 


3-77 


1-3271 


4-17 


1-4279 


3-38 


l-ai79 


3-78 


1-3297 


4-18 


1-4303 


8-39 


1-2208 


3-79 


1-3324 


4-19 


1-4327 


8-40 


1-2238 


3-80 


1-3350 


4-20 


1-4351 


3-41 


1-2267 


3-81 


1-3376 


4-21 


1-4375 


3-42 


1-2296 


8-82 


1-3403 


4-23 


1-4398 


3-43 


1-2326 


3-83 


1-3429 


4-23 


1-4422 


3-44 


1-2355 


3-84 


1-3455 


4-24 


1-4446 


3-45 


1-2384 


3-85 


1-3481 


4-25 


1-4469 


3-46 


1-2413 


8-86 


1-8507 


4-26 


1-4493 


3-47 


1-2442 


3-87 


1-3533 


4-27 


1-4516 


8-48 


1-2470 


8-88 


1-3558 


4-28 


1-4540 


8-49 


1-3499 


3-89 


1-3584 


4-29 


1-4563 


3-50 


1-2528 


3-90 


1-3610 


4-30 


1-4586 


3-51 


1-2556 


8-91 


1-3635 


4-31 


1-4609 


3-52 


1-2585 


3-92 


1-3661 


4-82 


1-4633 


3-53 


1-2()13 


3-93 


1-3686 


4 33 


1-4656 


8- 54 


1-2641 


3-94 


1-3712 


4-34 


1-4G79 


8-65 


1-2669 


8-95 


1-3737 


4-35 


1-4702 


3-66 


1-2698 


3-96 


1-3762 


4-36 


14725 


3-57 


1-2726 


3-97 


1-3788 


4-37 


1-4748 


8-58 


1-2754 


8-98 


1-3H13 


4 ■ ;is 


1-4770 


8-59 


1-2782 


3-99 


l--S^-AA 


i.-:iu 


1-4793 


8-60 


1-2809 


4-0O 


1-3SC.3 


i--U> 


1-4816 


3-61 


1-2837 


4m)1 


!■■ 




1 ■ ;,, 


8-62 


1-2866 


4'ii-j 






1 '.J 


8-63 


1-2892 


4-(i:i 


I . 




-I 


3-64 


1-2920 


4-04 


1 -■. 




>7 


3M 


1-2947 


..oa 


M 




^9 



328 



mPBtBOTiTO LOaABIXHlB. 



N. 




N. 


liOguitliin. 


N. 


Logaritlim. 


4*46 


1-4961 


4-86 


1-5810 


5-26 


1-6601 


4-47 


1-4974 


4-87 


1-5881 


6-27 


1-6620 


4*48 


1-4996 


4-88 


1-5851 


6-28 


1-6639 


4-49 


1-5019 


4-89 


1-5872 


5-29 


1-6658 


4*60 


1-5041 


4-90 


1-5892 


5-80 


1-6677 


4-61 


1-5063 


4-91 


1-6918 


5-81 


1-6696 


4-52 


1-5085 


4-92 


1-5933 


6-82 


1-6715 


4-53 


1-5107 


4-98 


1-5953 


6-88 


1-6734 


4-54 


1-6129 


4-94 


1-5974 


6-84 


1-6752 


4-55 


1-6151 


4-95 


1-6994 


5-85 


1-6771 


4*56 


1-6173 


4-96 


1-6014 


6-86 


1-6790 


4-57 


1-5195 


4-97 


1-6034 


6-87 


1-6808 


4-68 


1-6217 


4-98 


1-6054 


6-88 


1-6827 


4-59 


1-6239 


4-99 


1-6074 


6-89 


1-6845 


4-60 


1-6261 


5-00 


1-6094 


6-40 


1-6864 


4-61 


1-5282 


6-01 


1-6114 


1 5-41 


1 • 6882 


4-62 


1-5304 


5-02 


1-6134 


1 5-42 


1 • 6901 


4-63 


1-5326 


5-03 


1-6154 


6-4S 


1-6919 


4-64 


1-5347 


6-04 


1-6174 


6-44 


1 • 6938 


4-65 


1-5369 


6-06 


1 • 6194 


6-46 


1-6956 


4-66 


1-5390 


6-06 


1-6214 


6-46 


1 - 6974 


4-67 


1-5412 


5-07 


1-6233 


5-47 


1-6993 


4-68 


1-5433 


5-08 


1 - 6263 


5-48 


1-7011 


4-G9 


1-5454 


5-09 


1-6273 


5-49 


1 • 7029 


4-70 


1-5476 


1 5-10 

1 


1-6292 


6-60 


1-7047 


4-71 


1-5497 


: 5-11 


1-6312 


6-51 


1-7066 


4-72 


1-5518 


6-12 


1-6332 


6-52 


1-7084 


4-73 


1-5539 


5-13 


1-6361 


6-63 


1 - 7102 


4-74 


1-5660 


5-14 


1-6371 


5-54 


1-7120 


4-75 


1-5581 


5-16 


1-6390 


6-65 


1-7138 


4-76 


1 • 5602 


j 5-16 


1 • 6409 


' 5-66 


1-7156 


4-77 


1-6623 


i 6-17 


1-6429 


: 5-57 


1-7174 


4-78 


1 • 5644 


1 5-18 


1 • 6448 


' 5-68 


1-7192 


4-79 


1-5666 


1 5-19 


1 • 6467 


5-59 


1-7210 


4-80 


1-6686 


, 5-20 


1-6487 

1 


5-60 


1 • 7228 


4-81 


1-5707 


i 5-21 


1 • 6506 


6-61 


1 - 7246 


4-82 


1-6728 


5-22 


1-6626 


6-62 


1-7263 


4-83 


1-6748 


5-23 


1-6644 


5-63 


1 • 7281 


4-84 


1 • 5769 


5-24 


1-6663 


5-64 


1 - 7299 


4*86 


1-5790 


6-25 


1-6682 


5-65 


1-7317 



N. 


t<!g«ilta,. 


N. 


LogniU.^. 


». 


Logvithm. 


6-66 


1-7834 


6-06 


1-8017 


6-46 


1-8656 


6-67 


1-7352 


6-07 


1-8034 


6-47 


1-8672 


5-68 


1-7370 


6-08 


1-8050 


6-48 


1-8687 


6-69 


1-7387 


6-09 


1-8066 


fi-49 


1-8703 


6-70 


1-7406 


6-10 


1-8083 


G-50 


1-8718 


5-71 


1-7422 


G-11 


1-8099 


6-51 


1-8733 


6-72 


1-7440 


6-ia 


1-8116 


G-52 


1 -8749 


6-73 


1-7457 


6-13 


1-8132 


6-63 


1-8764 


0-74 


1-7476 


6-14 


1-8148 


6-64 


1-8779 


6-76 


1-7492 


6-15 


1-8166 


6-65 


1-8795 


6-76 


1-7509 


6-16 


1-8181 


6-56 


1-8810 


6-77 


1-7527 


6-17 


1-8197 


6-57 


1-8826 


6-78 


1-7644 


6-18 


1-8213 


6-58 


1-8840 


6-79 


1-7661 


6-19 


1-8229 


6-59 


1-8856 


6-eo 


1-7679 


6-20 


1-8246 


6-GO 


1-8871 


6-81 


1-7696 


6-91 


1-8262 


e-61 


1-8886 


5-82 


1-7613 


6-92 


1-8278 


6-62 


1-8901 


6-83 


1-7630 


6-23 


1-8294 


6-68 


1-8916 


6-84 


1-7647 


6-24 


1-8310 


G-64 


1-8981 


6-85 


1-7664 


6-25 


1-8326 


6-G5 


1-8946 


6-86 


1-7681 


6-26 


1-8342 


C-66 


1'89G1 


6-87 


1-7699 


6-27 


1-8368 


6C7 


1-8976 


6-88 


1-7716 


6-28 


1-8374 


6-68 


1-8991 


5-89 


1-7733 


6-29 


1-8390 


6-69 


1-9006 


5-90 


1-7750 


6-30 


1-8406 


6-70 


1-9021 


6-91 


1-7766 


6-31 


1-8421 


6-71 


1-9086 


6-92 


1-7783 


6-32 


1-8437 


6-72 


i-9or,i 


6-93 


1-7800 


6-38 


1-8463 


G-78 


1-9066 


5-91 


1-7817 


6-34 


1-8469 


fi-74 


1-9081 


6-95 


1-7834 


6-86 


1-8486 


T'TB 


\-wm 


5-96 


1-7851 


S-36 


1-8600 


C ■ jr. 


i-:i]i<i 


5-97 


1-7867 


6-37 


1-8516 




I ■•.']■>:, 


6-98 


1-7884 


6-38 


1 • :- -.-:! 




1 ■'! I'l 


6-99 


1-7901 


S-39 


1 






6-00 


1-7918 


640 


1- 




■' 


6-01 


1-7934 


6-41 


1-.- ;■ 




6-02 


1-7961 


6-42 


1 ■ ■ 'I 






603 


1-7967 


6-43 


I ■ 






6-04 


1-7984 


6-44 


1 






6-06 


1-80O1 


6-« 




i 





830 



HZTKBBOIiIO LOOABIIHIIS. 



N. 


Logarithm. 


N. 


Lngarithm. 


N. 


Logarithm. 


6-86 
6-87 
6-88 
6-89 
6-90 


1-9257 
1-9272 
1-9286 
1-9301 
1-9315 


7-26 
7-27 
7-28 
7-29 
7-30 


1-9824 

1-9838 
1-9851 
1-9865 
1-9879 


7-66 
7-67 
7-68 
7-69 
7-70 


2-0360 
2 0373 
2-0386 
2-0399 
2 0412 


6-91 
6-92 
6-93 
6-94 
6-96 


1-9330 
1-9344 
1-9359 
1-9373 
1-9387 


7-31 
7-32 
7-33 
7-34 
7-36 


1-9892 
1-9906 
1-9920 
1-9933 
1-9947 


7-71 
7-72 
7-73 
7-74 
7-75 


2 0425 
2-0438 
2-0451 
2-0464 
2-0477 


6-96 
6-97 
6-98 
6-99 
7-00 


1-9402 
1-9416 
1-9430 
1-9445 
1-9459 


7-36 
7-ail7 
7-38 
7-39 
7-40 


1-9961 
1-9974 
1-9988 
2-0001 
2-0016 


7-76 
7-77 
7-78 
7-79 
7-80 


2-0490 
2-0503 
2-0516 
2-0528 
2-0541 


7-01 
7-02 
7-03 
7-04 
705 


1-9473 
1-9488 
1-9502 
1-9516 
1-9530 


7-41 
7-42 
7-43 
7-44 
7-45 


2-0028 i 
2-0042 
2-0065 
2-0069 1 

2-0082 1 

1 


7-81 
7-82 
7-83 
7-84 
7-85 


2-0554 
2-0567 
2-0580 
2-0592 
2 0605 


7-06 
7-07 
7-08 
7-09 
7-10 


1 • 9544 
1 • 9659 
1-9573 

1-9587 

1-9601 

1 


7-46 
7-47 
7-48 
7-49 
7-50 


2-0096 
2-0109 
2-0122 
2-0136 1 

2-0149 i 

1 


7-86 
7-87 
7-88 
7-89 
7-90 


2-0618 
2-0631 
2-0643 
2 - 0r»56 
2-OCGS 


7-11 
7-12 
7-13 
7-14 
7-15 


1-9615 
1-9629 
1-9643 
1 • 9657 

1-9671 

1 


7-51 
7-52 
7-53 
7-54 
7-55 

7-56 
7-57 
7-58 
7-59 
7-60 


2-0162 
2-0176 
2-0189 
2-0202 
2-0215 


7-91 
7-92 
7-93 
7-94 
7-95 


2-0681 
2-0694 
2-0707 
2-0719 
2-0732 

• 


7-16 
7-17 
7-18 
7-19 
7-20 


1-9685 
1-9609 
1-9713 
1 • 9727 
1-9741 


2 0229 
2 0242 
2-0255 
2-0268 ! 
2-0281 i 


7-96 
7-97 
7-98 
7-99 
8-00 


2-0744 
2-0757 
2-0769 
2-0782 
2-0794 


7-21 
7-22 
7-23 
7-24 


1-9755 
1-9769 
1-9782 
1 • 9796 
1-9810 


7-61 
7-62 
7-63 
7-64 
7-65 


2-0295 
2-0308 
2-0321 
2-0334 
2-0347 


8-01 
8-02 
8-03 
8-04 
8-05 


2-0807 
2-0819 
2-0832 
2-0844 
2-0857 



HXFBBBOIJO LOOABITHIIS. 



N, 




N. 


LoguiUim. 


N. 


LogviOun. 


8- 06 
8-07 
8-08 
8-09 
. 8-10 


2-0869 
2-0881 
3-0894 
2-0906 
2-0919 


8-46 
8-47 
8-48 
8-49 
8-50 


2-1353 
2-1365 
2- 1377 
2-1389 
2 1401 


8-86 
8-87 
8-88 
8-89 
8-90 


2-1815 
2-1827 
2 1838 
2-1849 
2-1861 


811 
8-12 
8-13 
8-U 
8-16 


2 0931 
2-0943 
2-0966 
2-0968 
2-0980 


8-51 
8-52 
8-53 
8-S4 
6-55 


2-1412 
2 1424 
2-1436 
2-1448 
2-14S9 


8-91 
8-92 
8-93 
8-94 
8-96 


2-1872 
a- 1883 
2-1894 
2-1906 
2 1917 


816 
8-17 
818 
8-19 
6-20 


2 0992 
a -1005 
2-1017 
2-1029 
2-1041 


8-66 
8-57 
8-58 
8-59 
8-60 


2-1471 
2-1483 
2-1494 
2-1606 
2-1518 


8-96 
8-97 
8-98 
8-99 
900 


2-1928 
a -1939 
a- 1950 
a- 1961 
2-1973 


8-21 
8-22 
8-23 
8-24 
8-26 


2-1054 
2-1066 
2-1078 
2-10'JO 
2-1102 


8-61 
8-62 
8-63 
8-64 
8-65 


a- 1529 
2-1541 
2-1662 
2-1564 
2-1676 


9-01 

9-oa 

903 
904 
9-05 


2-1983 
2-1994 
a -2006 

2-aoi7 

a -2038 


8-26 
8-27 
8 28 
8-29 
8-30 


2-1114 
2-1126 
2-1138 
2-1150 
2-1163 


8-66 
8-67 
8-68 
8-69 
8-70 


2- 1687 
2-1599 
2-1610 
2-1622 
2-1633 


9 -06 
9-07 
9-08 
9-09 
9-10 


2-3039 
3-3050 
a -2061 
3-2073 
3-3083 


8-31 
8-32 
8-33 
8-34 
8-35 


2-1175 
21187 
2- 1199 
2-1211 
2- 1223 


8-71 
8-72 
8-73 
8-74 
8-76 


2-1645 
2-1656 
2-16C8 
2-1679 
2-1691 


9-11 

9-ia 

9-13 
914 

9-16 


2-2094 
3-2106 
3-3116 
2-2127 

2-2138 


8-36 
8-37 
8-38 
8-39 
8-40 


2-1235 
2- 1247 
2-1258 
2-1270 
2-1282 


8-76 
8-77 
8-78 

8-79 
8-80 


2-1702 

2-1713 

2 1 :"":'■- 


9-16 
9- 17 


sai48 
S'Siftg 

■J-:i70 
'1 . 


8-41 
8-42 
8-43 
8-44 
8-46 


2- 1294 
a- 1306 
2-1318 
2- 1330 
2- 1342 


8-81 
8-82 
8-83 
8-84 
8-85 


i 


1 


i 
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N. 


Logarithm. 


N. 


Loguitfain. 


N. 


Log^iib.. 


9*26 


2-2257 


9-51 


2-2523 


9-76 


2-2783 


9-27 


2-2268 


9-52 


2-2584 


9-77 


2-2793 


9-28 


2-2279 


9-53 


2-2544 


9-78 


2-2808 


9-29 


2-2289 1 


9-54 


2*2555 


9-79 


2-2814 


9-80 


2-2800 


,9-55 


2-2565 


9-80 


2-2824 


9-31 


2-2811 


9-56 


2-2576 


9-81 


2-2884 


9-82 


2-2822 


9-57 


2-2586 


9-82 


2-2844 


9-33 


2-2832 


9-58 


2-2597 


9-83 


2-2854 


9-84 


2-2348 


9-59 


2-2607 


9-84 


2-2865 


9-36 


2-2854 


9-60 


2-2618 


9-85 


2-2875 


9-36 


2-2864 


9-61 


2-2628 


9-86 


2-2885 


9-37 


2-2375 


9-62 


2-2688 


9-87 


2-2895 


9-38 


2-2386 


9-68 


2-2649 


9-88 


2-2905 


9-39 


2-2896 


9-64 


2-2659 


9-89 


2-2915 


9-40 


2-2407 


9-65 


2-2670 


9-90 


2-2925 


9-41 


2-2418 


9-66 


2-2680 


9-91 


2-2935 


9-42 


2-2428 


1 9-67 


2-2690 


9-92 


2-2946 


9-43 


2-2439 


1 9-68 


2-2701 


9-93 


2-21)56 


9-44 


2-2450 


1 9-69 


2-2711 


9-94 


2-2966 


9-45 


2-24G0 


! 9-70 


2-2721 


9-95 


2-2976 


9-46 


2-2471 


9-71 


2-2732 


9-96 


2-2986 


9-47 


2-2481 


9-72 


2-2742 


9-97 


2-2996 


9-48 


2-2492 


9-73 


2-2762 


9-98 


2-3006 


9-49 


2-2502 


9-74 


2-2762 


9-99 


2-3016 


9-50 


2-2513 


9-75 


2-2778 


10-00 


2-3026 



Explanation of Tablb. 

The tablo gives the hyperbolic logarithm of all numbers between 
1 and 10, increasing by - 01, from which can be derived all multiples 
by 10 by adding 2 - 8026 once, and all multiples by 100 by adding 
the same number twice. 

Example 1. Find log.^ 53*1 : 

log.^ 5-81 = 1-6696 (by table) 

2-3026 

log.^53-1 = 8-9722 

Example 2. Find log.^ 531 : 

log.^ 5-31 = 1-6696 (by table) 

2-8026 
2*3026 

lc)g.^ 581 = 6-2748 
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NoU A. — FoKinn^ aonvmoraa thx FEXsauBS and Tehpb- 
RATURB or Satubatid Stiak. Txhpiratdbi or Stiaii fboh 
Bum. (Art. 2.) 

A knowledge of some of the nnmenrafl formnbe whidi hsTO 
been darined for the pnipoee of repreMntmg the elaetio force of 
steam is desiiable, not bo mnoh for the purpose of obtaining nume- 
rical results, which can nsnally be done more easil j and ooonratelf 
by a table, as for use in Tarions theoretical inTcettgationB in which 
B knowledge of the algebraical relation between pressure and 
temperature is required. If salnrated ateam were a perfect gas, it 
would be possible to obtain such a foimola from the known ap- 
proximate formula fin the latent heat of eraporation by means f£ 
theeqoation 



proved in the oonoloding articles of Chapter V. A fbrmnla so 
obtained, however, is not even approximately correct except at low 
pressures, and it is neoessary to resort to empirical tbrmnls found 
by trial to correspond with the table to a greater or less degree of 
approximation. For a full account of all the fonnnlte proposed up 
to the date of pnblicaticm (1849) I must refer to Dixon's ' Treatise 
on Heat,' already cited in the text. I shall here only mentitM) two 
of the principal forms, and add one other, introduced at a later 
period. 

TredgidJ^i Formula, — Among the eartioet and simplost forma 
we find 



where a,h,n 
table. TiniH, for o 
ose this furmnliv, c 
a = 100. 6 = 177, 
meroury- 



B&parison with the 
D of tho first to 
'■ .HB by writing 
1 iucbuH vi 
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All f onnnlflB of thifl okas are Tory iehMye in tann^ and 
qnenilj apply only to » limited portion of tbe table for whidi 
tiieir eonstantB have been specially detennined. Thns, the Frendi 
oommiflsionerB appointed to investigate the elastic force of steam 
some years prerionsly to EegDaulf s researches, employed Tredgold's 
formula up to the pressure of four atmospheres, while for higher 
pressures they found it adyisable to replace the index 6 by 5. 
Notwithstanding its deficiencies, the simplicity of this formula 
renders it for some purposes TCiy oonTcnient 

Bo€h^$ Formula, — ^A &r more exact representation of the law 
connecting the elastic force of steam with its temperature is obtained 
by expressing not p itself but the logarithm of p in terms of 
the temperature. The simplest example of this kind is the 
formula 

which has been used with yarious Talues of the constants by many 
writers, among the earliest of whom was M. Bocho, about 1830. 
As an example of Boche's formula, we may take that used by 
Mr. Tate (Fairbaim's * Millwork,' Part L, p. 201), viz. 

where p is given in atmospheres of 14 * 7 lbs. per square inch. This 
formula represents the results given by the table with very consi- 
derable accuracy, especially at high pressures; and it may be 
used, without fear of serious error, in case the pressure of steam 
should be required at a somewhat higher temperature than that of 
432°, to which the table extends. 

By differentiation and reduction, a formula is obtained for the 
rise of pressure corresponding to a rise of 1^ in temperature, 

namely, 

6666 



{t + 867)« 



which may sometimes be used with advantage when an accurate 
value of A p is required at a particular temperature. 

Bankine'$ Formula, — After Dixon's treatise was published, Ban- 
kine proposed, partly on theoretical grounds, the formula 

k)g.p=:A-:j-p, 




wbere T i§ tho abaoWU tomperatare, and A, B, C &ro consUute. 
Tliie formnla reprceenta tho experimental results very closely, not 
only fur the vaponr of water, but also, with suitable mollifications 
in tho constants, in the case of other liquids. It is convenient for 
tboototical inTestigations, bocauso it is exprosecd in torms of the 
abeolato tompcraturo, and many of the derived formula are thereby 
nmplified. The values of the constants employed by liankine 
were 

A = C-1007 : log- B = 343IM2 : log. = 5-5ilB73, 

in which it is to be noted that the pressure is supposed in pounds 
per sqnaro inch, and that tho temporatoro mast bo reckoned from 
& zero 46r-2 below the zero of Fahrenheit's scale. 
Hence by differentiation we find 



*+l = p 



P-B' + ^O'v. 

r" T ^\T/' 



where B' 0' uo other constants easily derived &om B and C, their 
Tiliiefl being 

leg. B' = 3798IH : log. C = 3-13099. 

The meaning of this nnmlwr it, and its connection with the 
intemal-work-preseure, are explained in Chapter V., jiage 122. It 
WM by this formula that Tablo V. was calculated. 

Again, it was shown in Chapter V. that 

where u is ae nsuol written for c - » 



Proceeding as above, a formula is obtained by whioh u is found 
in terms of the latent heat of evaporation L. It was in this way 
that Rankine calculated the densities of steam registered in his 
tables, &om which Table III. in this book bos boon calculated by 
uiter{K)]atiou. 

Temjieralure of Steatn from Brine. — Tho experiments on * 
temperature of tho steam from brine are very disorepat ' 
case of ebullition from a surface exposed to the atv 
temperatnie of the steam often appears to be about ? 
the brina has a macb higher temperature. Th6 i 




•Willi.,.. 



""■Sir.-: 

y^^;^ error of (J, 
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' mter fTom 32" to f was determined by Rognaolt in Uiq follow- ' 

ig way : — Tho boiler used for tLe oxperiiuonts on tlio clastic foro» ' 

iof atanm was fillod tliroc-qnartera full, and maintained at a steady 

by use of the air chamber as before (Art. 2, p. 3). A stuall 

pipe, carved dotrnwards into the water, and provided witli a etup- 

oounootod the boiler with a vessel, fillod with water and open 

) tho atmoephoro, which Bcrved as a calorimotor ; tho pipe projected 

iwards into this voasel, and was piorood with smRill holes, the end 

r the pipe being closed. On opening the etopnxKtk, tho difforenoB 

r preesnro between the boiler and tho atniosphoro causes hot 

»ter to flow into the calorimeter, the rise of temperatnro of tho 

ator in which furnishes a measure of tho heat given out bj 

tc cooling water. Bankine baa pointed out * that the value of 

thus fonud by Segnaolt is too large because tho energy exerted 

J the difference between the boiler pressure and the atmoepherio 

pressure will bo employed in goneratiug kinetic energy and over- 

boming frictional resistances, and will appear as heat iu the calori- 

inetor. The enoi^ in question will — neglecting tho dilatation of 

mter — be given by 

Energy = ^-^ Ihemml unit* per pound, 

irhere P is tho boiler pressure, P„ tho atmospheric pressure, both 
in ponnda per square foot ; which becomes, reducing the preasurea 
to pounds per square inch, 

Encrgj = ^—^7. — tUirmul units per pt 

e accordingly diminishes the values of h given by Bognanit 
ill quantities calenlatod in this way, and gives a formula 
npmenting the corrected results. It is not, however, clear that 
the whole amount of this correction ought to be subtracted, for the I 
pipe being lung and small, ths greater part of tho energy exerted J 
will bo spent in overcoming frictional resistances, and it does c 
seem evident that all tho heat thus generated will reach the coloii- 
inoter. Moreover, Bankino's formula at the lower temperatn 
Appears to deviate more from the experiments than iajuBtifi«d1| 
tho correction in qneetiou. 

In any case the correction is small, as the aboTS fi 
Bnd is not the only oorrcction to which the valnei J 
' TrnnaictioDS oC the Ho^bI ?o(<iuljt of Edinburgh,' 
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Btrioily speaking, be sabjected, thoiic^ no donbt it is fhe meet 
importsnt; I htre thexefoie employed B^gnanlfs Tslnes of ft, ts 
has been done by other writers on the sobjeet^ notfdthstending thsl 
they are slightly too large at high pressnree. 

Note C. — GaoMSTBT or thi Cubyxs P Y^ s CoNSTAifT. 

With Afpuoatioiis. 

The curves given by the equation P Y^ = const where P is 
the ordinate, Y the abscissa, and n an index, occur so frequently 
in the theory of the steun engine, that it is OGnvenient to in- 
vestigate their geometrioal properties without reference to the 
particular application to be made of them. 

ilrea.— Let A B (Fig. 29, p. 840) be any plane curve, LN, EH 
two ordinates, Px , Pa t the corresponding abscisssB ON, OM being 
Yi Y,, then the area LEMN, comprised between the curve, the 
ordinates, and the axis, is given by the formula 

Area= j PrfV; 

but in the present case 

PV- = P,V|-, 

whence by substitution 

Area = P.V.-r^- 

rcrforxning the integration, we find 

Area = P» V,« . li— — -^i , 

1 — « 

which, remembering that 

P.V.« = P,V,-, 
may bo written 

» — 1 

which is the result so frequently used in the text. When n = 1 
the formula £eu1s : the curve in that case is_ a common hyperbola 
and its area is given by 

Area = P,Vi.log.f ^. 

'I 
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B If to the area thus calonlated we add the rectangle D N we 
1 obtain 



AroaDLKMOsPiV, + 



n*l 



* p V — ^ p V 



When the cnrye is regarded as an expansion onrve, the ratio Y, : Y^ 
is the ratio of expansion, usually denoted by r : P^ is the initial, and 
Pj the terminal pressure, so that we have 

p V ■. 

P s= ii-lL -P r-« 

and if p. be the mean forward pressure, 

_ AreaDLKMO _ n P, 1 

V, » — Ir » — 1 ■ 

For example, suppose the expansion curve to be the saturation 

curye, then » = ts > 

Id 

P,= 17^-16P,. 

r 

When n = 1, the rule fiuls, and we haye 



Chametncal Conriruetion.— The curve may be constructed ap- 
proximately by the following general method (see Fig. 29). Starting 
from L, draw any horuEontal line, Q 0, at a small distance below 
L, then the question is to find S, the point on the curve which lies 
on Q 0. For this purpose, set downwards 



and complete the rectangle N T as shown in tho figure, also draw 
the horizontal line R F to meet the ordinato L N H in F, as shown 
in the figure. Then bisect D Q in Z, join Z F, and prolong it to 
meet the horizontal through T in E : a vertical through E will be 
the new ordinate very approximately, and by its intersection with 
Q C will determine S. 

z 2 
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For, oompletiiig the lectangle TSS as Bhown by the doited 
lines in the figoze, the zeotuiglee ZH, ZG aie eqiuJ, tad ZNii 
oonfiinan, 

•'. 0H = 0O+N8>: 

that is to ny, 

Reotangle N S* = Beotengle O H - BeoUngle O G. 



Fxo. 29. 




Now if the points L S bo taken near enough togothor, tho area 
of tho rectangle N S^ may be made to differ as little as wo ploaso 
from the area of the strip of the onrye L S N, and tho rectangles 
O H, O G ore equal to P^ V^ , P^ V^ , respectively divided by n — 1 ; 
hence, referring to the formnla for the area given above, it is clear 
that we have determined S, so that it lies on the corvo P V" = con- 
stant very approximately. The oonstmction can now be repeated 
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M mutj tiinefl as we pleue, so m to obtain man potnti on 
the onrre, Tbe phjsioal inlerpretatioii of thu constroction, when 
applied to th« adiabatio cnrre for air, will be nnderttood m refer- 
ring to Art. 69 in Chapter TIL 

The mean preesDie is fonnd gnphlcally by inTerting the oon- 
Btniotion. For let ns mppoee LB to be two giren points not 
neoesearilj netkr together, bat anywhere on the curve : then inrerting 
the oonstmctioii the line Z B' will bo determined, the ordinate 
of which most be the mean presenie dnring expansion. 

Deeiaium fivm an Hyperbola and from the Saturation Curve. — 
All cnrrei of this olaae resemble an hyperbola the more closely 
the nearer n is to miit;. When n is ne«rlj eqnal to 1 the devia- 
tion is very small, and it is often important to know it, the more so 
as the oonstraction jnst given then becomes cumbrous. 

Taking Hie eqoation 

PV = P,V,-, 

. to find the vortical distanoe between two curves, differing slightly 
in the vslne of n, we have only to difbrentiato, assnming V con- 
stant and n variable, then 

JP= -P.loK.,V.l» + P.log.,V, .<B, 

the cnrvea being snpposud to start from the same initial point 
indicated by the sofflx 1. Or if r be the ratio of expansion V:V, , 



which becomes, if one of the cnrvee bo an hyperbola, 
JP = (l-«)P,log.,r. 

For example, the vertical distance of the saturation cnrro of steam 
from an hyperbola is approximatelj 

-iP = i.P 



where r is the ratio of oipntiKioo, reoki 
from whence the two curves ntnrt. 
The horixootol distance of MO' 
like manner bu fuuud by ' 
mT variable: wliouoe 





tins formnU it oslf ■ proxunstioa, bat its simplin^ 

rcuilora it (>onTeiuaBL ilo, in m n'linVirii' emmioa '^ 

i : 1 thij fnction of Btei od is ron^ilj mpproximatdt 

I- g',* = 094. 

It libs boon tolly explflii ha text ti»^ io wq sctml eIcbi 

cvlinikr tlie aotioD of the sx6as. i snch thai the ceatnl m^ i 
Btttim C'lpondB odUbftticftlly, though the whole man is Eu fraa 

tilling BO. The ftinoTUjl of Bngpondei] moisture at the end of ^ 
Btnike iiiny thoreforo bo found by a modification of the fore^ing 
foriHuIfi, in which the datani will bo not the ratio of eipanaDi. 
which will be unknown, but tho ratio of preaeares, as ehoira bj 
the iudiiator diagram. Let r' bo tho ratio of pressures, then 



fJ = r- ; log., r' = n . Log., r. 

iThcnco by snbstitntion and rednctioa 

1 -j= 'Oeia.ioe,, r'. 

In ftliplying this formala it must be remembored that the £nc- 
iiiu 1— J is the fraction of the central mass of steam which is 
iondeuBod, not the fraction of the whole mass of steam oontaiued 
u tho cylinder. 



Note 2>.— Spficn-ic Hsat of Stsah. (Art. 52.) 

Tho coQvcntional meaning ascribed to this exprosaion is fully 
t'Splainoil in tho test, and its moan value found appro limately. A 
'U will now bo given, by means of which an exact ralao can 
^^•'od at any teropeTutnre. 
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If Q be the heat supplied during expansion, 

AQ= AI + PAr, 

where A I is the increment of intrinsic energy consequent on 
expansion through the volume A v. Bat we know that for dry 
saturated steam 

I = H-Pii, 

.-. AI=AH-PAtt-ttAP, 

where as nsnal u is written for « ~ «, and consequently A « is the 
same thing as A v, hence 

AQ = AH-i«AP; 

bnt it was shown in Art. 40 that 

i«AP = ^. AT; 
therefore dividing by A T, and proceeding to the limit. 

The specific heat is the heat necessary to raise the temperature 

dQ 

1°, and is therefore -f- jm 

.*. SpedfioHeat = '305 — = tbennal unita. 
For example, at temperature 278° 

T = 278 + 461 = 739 : L = 917-6, 

gpeoifio Heat = -305 - 1242 
= - -937. 

This calculation shows that the specific heat of steam is negative, 
as shown in the text. By multiplication by 772 we obtain i 
value in foot pounds, that is — 723-4 foot pounds. The diffew 
between this result and — 764 given in the table, page 134, a* 
mean value between 266^ and 293"^, is due to the na^ 
cnlation in the text, which is not suited to secure r 




'■"/■ .■ 



ence bv eabBtitution, 

—., a * + A (PJ) + P . A (--r) = 0. 

Ne^eoting the nriation of the specific heat of wAter we mt>j 
eafdkoe aA by 772 AT where T is the ftbsolnte temperatnre : 
-^wldia for p we may write its yalne L— P h, whence by sabstitntioii 
wad radnotioii 

ai 772. AT + A(Li>-«s. AP = 0. 

^ TSow diride by A T and proceed to the limit, and we have 

E 

" But the eqution given above enables as to sabrtitate for u in terms 
' of L, and ve find 



77! + ^(L.)- 



aa equation between L x and T, which can be integrated if we 
divide by T, for it becomes 



?+frT(^-'-¥ = «. 



which is equivalent to 



772 . d (L 



^df 



¥1- 



Now integrate, and we find 

7721og.T + ~ =«ouil, 
which is the fuudnmeutal equation r/f Art. 78 

N<iU F.— V*Ltra or mui Mkrakkul K'^rivtuw «* IfMt, 
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water, the mean reanlt of sixty of which is 774' 1, " sahject to a 
small oorrection, possibly amounting to ^^ on aoooont of the 
« thennometric scale error." 



Note 0, — ^Absolute Soale or Tempkhatube. (Chapter V.) 

The conception of an aheolnte scale of temperature is due to 
Sir W. Thomson, and the fundamental experiments by which the 
close coincidence of this scale with that of an air thennometer 
was experimentally demonstrated, were made by him in conjunc- 
tion with Dr. Joule, and described in a paper on the " Thezmal 
Effects of Fluids in Motion," Part 11., published in the ' Philo- 
sophical Transactions' for 1854, p. 353. These are the experi- 
ments cited on p. 77 as showing that the absolute zero is 460^-66 
below the zero of Fahrenheit's scale. 
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